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ABSTRACT OF THESIS 
 
 
 
 
VARIATION IN C/P RATIOS IN DEVONIAN-MISSISSIPPIAN MARINE SHALES: 
TESTING THE PRODUCTIVITY-ANOXIA FEEDBACK MODEL 
 
 
Carbon/phosphorus ratios for late Devonian-early Mississippian marine 
black shales along a transect from the Illinois Basin, across the Cumberland 
Saddle, and into the Appalachian Basin were evaluated to assess the role of 
productivity in organic carbon accumulation.  Phosphorus is a key limiting 
nutrient for biological productivity in marine environments and may be 
regenerated preferentially relative to organic carbon, the amount of regeneration 
possibly being related to bottom-water anoxia.  A positive feed-back mechanism 
(more specifically, productivity-anoxia feedback or PAF) has been proposed 
between water-column anoxia, high benthic regeneration of phosphorus, and 
marine productivity.  This regeneration of phosphorus under anoxic conditions 
and overturn of surface waters has been proposed as an explanation for 
enhanced organic matter accumulation in the Appalachian Devonian Basin.  
The Cumberland Saddle is a structurally low segment of the Cincinnati 
Arch that lies at the crest of the arch between the Jessamine and Nashville 
domes that connects the Illinois and Appalachian basins.  C/P data for two cores 
in the Illinois Basin, four cores across the Cumberland Saddle, and two cores in 
the Appalachian Basin are discussed in light of the productivity-anoxia feedback 
model. 
 
Keywords:  Black shales, anoxic environments, productivity, organic 
carbon, C/P ratios. 
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CHAPTER 1 
INTRODUCTION 
 The understanding of the mechanisms of enhanced organic carbon 
accumulation in marine shales has developed largely over the past thirty years 
(Demaison and Moore, 1980; Pedersen and Calvert, 1990), with significant 
developments in the past fifteen years (Ingall et al., 1993; Ingall and Jahnke, 
1994; 1997; Murphy et al., 2000; Werne et al., 2002; Sageman et al., 2003; 
Rimmer et al., 2004; Saltzman, 2005; Algeo and Ingall, 2007; Mort et al., 2007; 
Negri et al., 2009; Piper and Calvert, 2009).  The study of organic-rich marine 
mudstones yields important insights into primary productivity and nutrient cycling 
over geological time-scales, and natural and human-induced carbon storage 
(Anderson et al., 2001; Busch et al., 2008).  Furthermore, the investigation of 
organic-rich marine shales provides a critical and fundamental framework for 
developing reservoir models, and hydrocarbon stimulation and extraction 
protocols in the petroleum industry (Curtis, 2002).  Continuing to evaluate the 
conditions under which organic-rich mudstones accumulated will yield more 
detailed models that improve upon the ideas of previous researchers.   
 Traditionally, two models have been cited to explain the presence of 
organics in marine shales.  The first model suggests that anoxic waters are the 
key to preservation of organic matter (OM) (Demaison and Moore, 1980).  The 
second model proposes that the amount of OM produced, productivity, is the 
most important factor in accumulation (Pedersen and Calvert, 1990).  The two 
models describe likely end-member mechanisms of enhanced organic carbon 
accumulation (Arthur and Sageman, 1994; Murphy et al., 2000).  Variations of a 
third model combining aspects of the preservation and productivity models have 
been proposed (Ingall et al., 1993; Ingall and Jahnke, 1994; 1997; Werne et al., 
2002; Rimmer et al., 2004) including high primary productivity, anoxic bottom 
layers, and benthic regeneration of phosphorus.     
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Project Description  
 The ultimate goal of the current project is to develop a more complete 
understanding of environmental conditions associated with OM accumulation 
during the late Devonian-early Mississippian in the Appalachian and Illinois 
basins.  Bulk-rock organic carbon/phosphorus (C/P) ratios were used to help 
understand conditions at the time of deposition and, more specifically, whether or 
not conditions support the productivity-anoxia feedback (PAF) model  (Ingall and 
Jahnke, 1994,1997). One aspect of the PAF model that needs more support is 
how the regenerated phosphorus is returned to the photic zone where it can be 
used to promote more biological productivity.  Possible scenarios proposed by 
others (Sageman et al., 2003) supporting an overturn in the water column that 
completes the model are evaluated.  
Geologic Setting and Stratigraphy  
 The stratigraphy and nomenclature of the cores examined  (Fig. 1.1) differ 
based on core location.  The Devonian-age shale of the Illinois Basin is the New 
Albany Shale, consisting of the Blocher, Selmier, Morgan Trail, Camp Run, and 
Clegg Creek Members (Lineback, 1968).  The cores on the Cumberland Saddle 
and in the Appalachian Basin use the nomenclature of the Appalachian Basin:  
Devonian Ohio Shale containing the Huron Member, Three Lick Bed, and the 
Cleveland Member, the Devonian Bedford Shale, and the Mississippian Sunbury 
Shale (Provo, 1977).  
The black shales of the Appalachian Basin were traditionally interpreted to 
be deep basinal facies of the Catskill Delta (Ettensohn, 1985a; 1985b); however, 
more recent and significantly more detailed and quantitative work (Schieber, 
1998; 2003; 2009) suggests that the black shales were deposited in a relatively 
shallow platform setting rather than deep water, and not under permanently 
anoxic bottomwaters.  Sedimentary features such as truncation surfaces and 
hummocky cross-stratified sand and silt beds indicate the deposition surface was 
prone to influence by storm waves and erosive events (Schieber, 1998).  
Agglutinated benthic foraminifera which require some oxygen have been found in 
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most of the Devonian black shales throughout the Appalachian and Illinois basins 
(Schieber, 2009).   
The Appalachian Basin developed on the eastern edge of Laurentia during 
the Acadian Orogeny in which Avalonia collided with Laurentia (Fig. 1.2) (Murphy 
et al., 1999).  The Appalachian Basin formed by cratonic downwarping and 
subsidence caused by the Acadian Orogeny (Beaumont et al., 1988).   A 
paleogeographic reconstruction of the late Devonian by Blakey (2007) is shown 
in Figure 1.3.  The Cumberland Saddle is a structurally low segment of the 
Cincinnati Arch lying between the structurally higher Nashville and Jessamine 
domes (Borella and Osborne, 1978), where the marine shales are thinly 
preserved.  The Cincinnati Arch is a structural feature extending through Ohio, 
Kentucky and Tennessee (Fig. 1.4).  It is considered a forebulge (peripheral 
bulge) that formed as a result of lithospheric flexing from the depositional load 
and subsequent subsiding foreland basin adjacent to an orogeny (Root and 
Onasch, 1999).  The Cincinnati Arch first began to form during the Taconic 
Orogeny and was reactivated during the Acadian and Alleghanian orogenies with 
the most displacement occurring during the Alleghanian (Root and Onasch, 
1999).   
Background Information 
“Preservation” 
The Demaison and Moore (1980) model for organic carbon accumulation 
states that OM is preserved under anoxic rather than oxic bottom waters.  
Primary OM produced in the photic zone sinks through the water column; if the 
OM falls through a well-oxygenated water column, it is largely consumed by 
aerobic organisms, and very little OM reaches the seafloor (Fig. 1.5).  However, if 
OM falls through an oxygen-depleted water column, in the absence of aerobic 
organisms, OM is consumed by anaerobic organisms, which are not as plentiful 
nor as efficient, and as a result more OM reaches the sea floor (Fig. 1.5).  If the 
oxic-anoxic boundary is within the bottom sediments, benthic organisms at the 
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seafloor consume OM as they burrow down into the sediments creating 
bioturbated sediments (Demaison and Moore, 1980).   
Large anoxic lakes, anoxic silled basins, anoxic layers caused by 
upwelling (oxygen minimum zones, OMZ), and open-ocean anoxic layers are 
settings where enhanced OM accumulation occurs (Demaison and Moore, 1980).  
Large anoxic lakes that are not characterized by seasonal overturn, typically 
those in warm, tropical climates, have permanently stratified waters with anoxic 
bottom layers, e.g., Lake Kivu (Haberyan and Hecky, 1987) and Lake 
Tanganyika (Edmond et al., 1993), both of which are part of the East African rift-
lake system.  Large anoxic lakes are usually not present in cold or temperate 
climates because of seasonal overturn, and cold water has a higher capacity to 
dissolve oxygen (Demaison and Moore, 1980)  Anoxic silled basins have 
physical barriers and unique patterns of water circulation that restrict vertical 
mixing, e.g., the Black Sea (Calvert and Karlin, 1998), certain sub-basins of the 
Baltic Sea (Sohlenius et al., 2001), the Cariaco Basin north of Venezuela 
(Thunell et al., 2000), and the Framvaren Fjord of southern Norway (Yao and 
Millero, 1995).  Oxygen minimum zones (OMZ) develop under upwelling 
conditions due to a strong sub-surface maximum in remineralization of sinking 
OM, (e.g., Benguela upwelling system off Namibia (Mollenhauer et al., 2003) and 
upwelling off the Peru margin (Arthur et al., 1998)).  Open-ocean anoxic layers, 
including the northeastern Pacific and the northern Indian oceans, form because 
deep, oxygenated polar water sources are not able to reach the regions.  
Because there is not a supply of oxygenated water to the areas, an oxygen-
minimum layer develops where preservation of OM can take place (Demaison 
and Moore, 1980). 
“Productivity” 
The Pederson and Calvert (1990) productivity model states that production of 
OM is the primary control on organic accumulation rather than water-column 
anoxia.  They argue that metabolism of OM by anaerobic bacteria is just as 
important as decomposition by aerobic organisms (Pederson and Calvert, 1990), 
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suggesting that oxygen levels in the water do not determine whether OM will be 
preserved or not.  The burial rates of OM in modern Black Sea sediments are 
very similar to other open-ocean areas that are oxic, at similar water depths and 
accumulations rates (Calvert et al., 1991).  The Holocene sapropel which 
underlies the Black Sea contains up to 20 wt. % organic carbon but was 
deposited during a time when the sea was oxic (Calvert and Karlin, 1998).  They 
argue that if this is the case, anoxia is not necessary for accumulation of organic 
carbon (Pedersen and Calvert, 1990).  OM accumulation rates of modern Black 
Sea sediments are very similar to the accumulation rates of the underlying 
Holocene sapropel (Calvert and Karlin, 1998).   
Productivity-Anoxia Feedback Model (PAF) 
More recently, a third model has been proposed that is a combination of 
the two previous models in which anoxic bottom waters and high biological 
productivity together allow for the accumulation and preservation of organic 
carbon (Ingall and Jahnke, 1994,1997).  This model is known as the productivity-
anoxia feedback (PAF) mechanism and uses the C/P ratio of bulk sediment as 
an indicator (Murphy et al., 2000; Sageman et al., 2003; Rimmer et al., 2004; 
Saltzman, 2005; Algeo and Ingall, 2007; Mort et al., 2007).   
Phosphorus and nitrogen are arguably the two most important nutrients in 
marine productivity (Redfield, 1958; Ryther and Dunstan, 1971; Smith, 1984). 
The supply of phosphorus to the ocean is dependent on continental weathering 
rates and river delivery (Anderson et al., 2001).  Phosphorus is believed to be the 
key limiting nutrient over long time scales because it has a very long residence 
time in the ocean compared to other nutrients and trace elements such as silica 
and iron (Benitez-Nelson, 2000).  Nitrogen is fixed from the atmosphere by some 
marine organisms, and the volume of nitrogen in the atmosphere is so large that 
the nitrogen-fixing organisms are limited by other nutrients.  Thus, phosphorus is 
the ultimate limiting nutrient for biological productivity over long time scales 
(Redfield, 1958; Van Cappellen and Ingall, 1994; Tyrrell, 1999).  Phosphorus is 
decoupled and regenerated relative to organic carbon, and water anoxia 
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increases the amount of regeneration (Krom and Berner, 1981; Ruttenberg, 
1990; McManus et al., 1997; Ingall et al., 2005).  Research has shown that C/P 
ratios in Devonian marine laminated shales are much greater than those in 
bioturbated shales (Ingall and Jahnke, 1994) which are near the Redfield ratio of 
average marine phytoplankton C/P ratio of 106:1 (Redfield, 1958).  Laminated 
shales are deposited in anoxic waters while bioturbated shales are deposited in 
oxygenated waters (Rhoads and Morse, 1971). 
Ingall et al. (1993) studied the Camp Run Member of the New Albany 
Shale of the Illinois Basin.  In that study, bioturbated shales had an average C/P 
ratio of 70, and laminated shales were found to have an average C/P ratio of 690 
(Ingall et al., 1993). In later studies (Ingall and Jahnke, 1994,1997), the model for 
the PAF mechanism was proposed.  The PAF mechanism uses the ratio of 
carbon to phosphorus to estimate oxygen levels and relative amounts of organic 
carbon accumulation.  This model supports the theory that OM is deposited 
under anoxic conditions. For OM accumulating under normal marine conditions, 
one would expect to see a C/P ratio close to the Redfield ratio (106:1).  Under 
anoxic conditions, P is remineralized preferentially by bacteria and C is buried 
preferentially.  The P is then released back into the water column and promotes 
increased production of OM.  Because the carbon is buried and the phosphorus 
is remineralized, the C/P ratio in the sediments is much higher than the Redfield 
ratio.  The feedback mechanism is a positive one because the release of the P 
back into the water increases OM production.  This feedback provides a link 
between P availability, productivity of organic carbon (Corg), anoxia, and Corg 
accumulation (Ingall and Jahnke, 1994,1997). 
Objectives 
In an attempt to gain a more complete understanding of OM accumulation in 
the late Devonian-early Mississippian marine shales of the Appalachian and 
Illinois basins the main objectives of this study are to: 
1. Determine C/P ratios of all samples from selected cores. 
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2. Assess whether the samples provide evidence for the PAF mechanism. 
3. Compare and evaluate C/P ratios for laminated and bioturbated shales.   
4. Develop, through organic petrography, the relationship between OM type 
and lithology (and hence, depositional environment). 
Investigating and evaluating the above objectives will provide insight into the 
environmental conditions associated with the deposition of organic-rich 
mudstones.   
 
 
 
 
 
 
 
 
  8
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Figure 1.2:  Paleogeography of the North Atlantic region during the Early Silurian 
from (Blakey, 2007) showing Avalonia closing the Iapetus Ocean before the 
collision with Laurentia.  
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Figure 1.3: Paleogeography of the North Atlantic region during the Late Devonian 
modified from (Blakey, 2007),  the red arrow is showing the study area. North 
America is fixed in its current position.  At 360 Ma, Kentucky lay approximately 
between 25 and 30° S. 
 
Figure 1.4: Structure contour map on the top of the Upper Ordovician Trenton 
Limestone showing the relative structural relief of the Cincinnati Arch, Nashville 
and Jessamine domes, and Cumberland Saddle, modified from (Root and 
Onasch, 1999).   The general study area is shaded gray. 
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Figure 1.5: Diagram of the “preservation” model from Demaison and Moore 
(1980) comparing deposition under oxic vs. anoxic environments.  Under anoxic 
environment there is higher OM preservation and no bioturbation. 
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CHAPTER 2 
METHODS 
Sampling  
Eight cores containing Middle Devonian through Lower Mississippian 
marine shales were sampled.  They define a transect across central, south-
central, and east-central Kentucky, roughly following the Devonian outcrop belt 
(Fig. 2.1).  The cores are from the Illinois Basin (IRQ and T-8), the Cumberland 
Saddle (L-7, L-8, L-3 and T-12) and the Appalachian Basin (D-4 and KEP-6).  
The cores from the Illinois Basin, IRQ and T-8, are from Jefferson and Marion 
counties, Kentucky, respectively.  Of the cores from the Cumberland Saddle 
across central and southern Kentucky, L-7 and L-8 are from Adair County, L-3 is 
from Pulaski County and T-12 is from Lincoln County. The Appalachian Basin 
cores (D-4 and KEP-6) are from Bath and Fleming counties, respectively.  More 
detailed location information for the cores can be found in Appendix 2, Table 1. 
Samples were taken at ~25-cm intervals in homogeneous, lithology-based 
units, e.g., laminated black shale, bioturbated gray shale.  Each sample was 
removed from the core, and using a rock saw, cut in half.  Half of the cut sample 
was used for geochemical analyses, whereas the remaining half was used for 
petrographic analysis.   
Geochemical Analyses   
Phosphorus 
 Samples were air-dried and powdered to 200-mesh using a hardened 
steel pulverizer. Samples were pressed automatically to 40 tons into pellets and 
analyzed for total P and other major, minor and trace elements using the Bruker 
S4 Pioneer X-ray Fluorescence (XRF) unit at the Kentucky Geological Survey.  
The standards used were a suite of USGS and internationally accepted 
standards and a suite of Kentucky Devonian black shales previously analyzed by 
ICP-MS.  The internationally accepted standard SARM-41 was analyzed for 
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quality control on the XRF at the Kentucky Geological Survey.  The SARM-41 
certified value for % P is 0.05%, and the average value measured at the 
Kentucky Geological Survey is 0.03% (Rowe et al., 2008).  The lower limit of 
detection (LLD) for P is <0.001%.   
Organic Carbon (Corg), Nitrogen (N), and Sulfur (S) 
Organic carbon (Corg), nitrogen (N), and the stable isotopic compositions 
of Corg (δ13C) and N (δ15N) were measured using a Costech 4010 elemental 
analyzer interfaced with a Thermo Finnigan Conflo III device to a Thermo 
Finnigan Delta Plus XP isotopic ratio mass spectrometer at the University of 
Kentucky. Powdered samples were weighed into silver capsules and repeatedly 
acidified with 6% sulfurous acid (H2SO3) to remove carbonate phases (Verardo et 
al., 1990). The average standard deviations for the acetanilide standard were 
0.6% and 0.1% for Corg and N, respectively.  Sulfur data were collected using a 
LECO C-S analyzer at the Kentucky Geological Survey with the standard 
deviation of unknowns averaging <0.01%.   
Petrographic Analysis 
Samples for organic petrography were selected based on lithology and 
Corg content to include laminated and bioturbated samples, with high and low Corg 
contents.  Eighteen samples were chosen from cores IRQ, L-8, and D-4.  Twelve 
laminated and six bioturbated samples were selected, six from each core.  
Whole-rock mounts for petrography were prepared by mixing 5-10g of 20 mesh 
shale with epoxy resin, cured in a 2.54 cm ring mold and then polished by 
standard polishing procedures (Pontolillo and Stanton, 1994).  Microscopy was 
performed on a Zeiss Universal microscope using oil-immersion techniques with 
a magnification of 640× in reflected white- and blue-light at the Department of 
Earth and Environmental Sciences, University of Kentucky.  Point-count analyses 
(300 counts) were performed on each whole-rock sample using a 16-intersection 
cross hair.  Counts were made when a maceral was under an intersection of the 
grid, and if a maceral was not under an intersection, a count was not made.  The 
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maceral categories that were counted include total vitrinite (collotelinite and 
vitrodetrinite), total inertinite (fusinite, semifusinite, and inertodetrinite), 
lamalginite, telalginite and bituminite.  Vitrinite is derived from terrestrial woody 
tissue, intertinite represents primarily terrestrial OM that has either been 
pyrolysed by fire or oxidized by subaerial exposure, alginite is structured, 
preserved, marine algae, and bituminite is thought to contain remains of marine 
algal and bacterial matter that have been degraded (Taylor et al., 1998; Rimmer 
et al., 2004; 2006).  The T/M ratio is the ratio of total terrestrial macerals (vitrinite 
+ inertinite) to total marine macerals (alginite + bituminite).   
 
 
 
 
 
Figure 2.1: Location of cores used in study, from the Illinois Basin – IRQ and T-8, 
the Cumberland Saddle – L-7, L-8, L-3 and T-12, and the Appalachian Basin – D-
4 and KEP-6. 
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CHAPTER 3 
RESULTS 
% Corg 
 The abundance of organic carbon (Corg) differs from core to core, member 
to member, and generally varies along with changes in lithology across the study 
area.  Corg can range from very low values (0.08%) to very high values (24%), 
depending on the member.  Within members of the same core, Corg percentages 
are relatively constant except when lithology differs from laminated black shale 
(high Corg) to bioturbated/gray shale (low Corg).    Raw data for all cores studied 
are presented in Appendix 1 Tables 1-8, and a summary table of average %Corg, 
minimum %Corg, maximum %Corg, and standard deviation is presented for each 
member differentiated between laminated and bioturbated facies in Table 3.1  
 The New Albany Shale of the Illinois Basin is preserved in cores IRQ and 
T-8.  The Morgan Trail/Blocher Members of the New Albany Shale average 8.4% 
Corg for laminated facies, and the bioturbated facies average 2.5% Corg.  
Histograms of Corg concentrations for the Morgan Trail/Blocher Members are 
presented in Fig. 3.1a, showing the higher frequency of samples with high Corg in 
laminated facies rather than in bioturbated facies.  The Camp Run Member of the 
New Albany Shale has an average Corg concentration of 6.3% for laminated 
facies, and the bioturbated facies average 1.1% (Fig. 3.1b).  The Clegg Creek 
Member of the New Albany Shale has an average Corg concentration of 12%; all 
but one sample is laminated.  The gray shale sample contains 0.5% Corg (Fig. 
3.1c).  
 The Ohio Shale units of the Cumberland Saddle and the Appalachian 
Basin are preserved in cores L-7, L-8, L-3, T-12, D-4, and KEP-6.  The 
concentration of Corg in the Huron Member of the Ohio Shale averages 6.4%.  
The Huron Member of the cores in the Appalachian Basin average 5.1% Corg, 
whereas the Huron Member of the cores from the Cumberland Saddle average 
8.9% Corg.  Laminated facies of the Huron average 7.2% Corg, and bioturbated 
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facies average 0.4% Corg (Fig 3.2a). The Three Lick Bed concentration of Corg for 
laminated facies is 7.4% Corg, and the bioturbated facies average 0.3% Corg (Fig. 
3.2b).  The Cleveland Member of the Ohio Shale is relatively homogeneous with 
no bioturbated samples in the studied cores.  The average Corg concentration of 
the Cleveland Member is 10.8% and a histogram of the Corg concentrations is 
presented in Fig. 3.2c.   
The Bedford Shale is a relatively homogeneous gray shale with an 
average Corg concentration of 0.8% (Fig. 3.2d).  Only one sample from the 
Bedford Shale is laminated with a Corg concentration of 6.7% (Fig. 3.2d). The 
early Mississippian Sunbury Shale is preserved in the D-4 and KEP-6 cores of 
the Appalachian Basin.  The Sunbury Shale is organic-rich, homogeneous, 
laminated black shale with an average Corg concentration of 10.9% (Fig. 3.2e).   
% P 
 Total phosphorus data determined from x-ray fluorescence (XRF) for each 
core are presented in Appendix 1, Tables 1-8, and a summary table of P data are 
presented in Table 3.2.  The Morgan Trail/Blocher Members of the New Albany 
Shale has an average concentration of 0.04% P for laminated facies, and the 
bioturbated facies average 0.20% P (Fig. 3.3a).  The Camp Run Member has an 
average of 0.03% P for laminated facies, and 0.02% P for bioturbated facies (Fig. 
3.3b).  The laminated samples from the T-8 core have a higher concentration of 
P at 0.05%, 0.02% more than that of the overall average for all cores of 
laminated facies.  The Clegg Creek Member has an average of 0.06 %P, and the 
range of %P values is from 0.02-0.47%.  If the two highest values of 0.44 and 
0.47% are removed, the average for the rest of the Clegg Creek is 0.05%, and 
the distribution of %P values is presented in Fig. 3.3c.   
The Huron Member of the Ohio Shale from the Cumberland Saddle and 
Appalachian Basin has an average P concentration for laminated facies of 
0.04%, and bioturbated facies average 0.04% P.  There is no discernable 
difference in the distribution of %P values between laminated and bioturbated as 
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illustrated in the histograms in Fig. 3.4a.  The majority of both bioturbated and 
laminated %P values lay between 0.02 and 0.04%.  The Three Lick Bed’s 
concentration of P for laminated facies is 0.03%, and the average for bioturbated 
facies is 0.02% P.  The slight difference in the distribution of %P between 
laminated and bioturbated facies is observed in the histograms in Fig. 3.4b.  The 
Cleveland Shale Member has an average of 0.07% P.  As observed in Fig. 3.4c, 
the majority (68 of 117) of the samples range between 0.02 and 0.06%.  
The Bedford Shale of the Appalachian Basin has an average of 0.07% P.  
This is the same average as that of the Cleveland Member of the Ohio Shale 
even though the Cleveland Member is relatively high in Corg and the Bedford is 
very low.  The vast majority (26 of 31) of the Bedford Shale samples lay within 
the range of 0.02-0.06% P (Fig. 3.4d).  The Sunbury Shale averages 0.05% P in 
the sections preserved in cores D-4 and KEP-6, and as shown in Fig. 3.4e, 15 
samples have values between 0.02 and 0.04% with decreasing frequency 
approaching higher percentages of P.   
C/P Ratios 
 Ratios of organic carbon to total phosphorus (C/P) have been used as a 
measure of productivity (Ingall et al., 1993; Ingall and Jahnke, 1997; Murphy et 
al., 2000; Werne et al., 2002; Sageman et al., 2003; Rimmer et al., 2004; 
Saltzman, 2005; Algeo and Ingall, 2007; Mort et al., 2007).  The C/P Redfield 
Ratio of 106:1 (Redfield, 1958) is the ratio for normal marine phytoplankton.  The 
C/P ratios determined in the study for all cores are shown in Appendix 1, Tables 
1-8, and range from values much less than the Redfield Ratio to values 
significantly larger than the Redfield Ratio. Low C/P ratios are most often 
attributes of bioturbated shales, whereas high C/P ratios are most often attributes 
of laminated shales (Ingall and Jahnke, 1994). A summary table of C/P ratios for 
all shales studied is presented in Table 3.3, and Table 3.4 is a summary of C/P 
ratios reported by Ingall et al. (1993) and Rimmer et al. (2004). 
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The Morgan Trail/Blocher Members of the New Albany Shale of the Illinois 
Basin are characterized by an average C/P ratio of 78 for bioturbated facies, and 
the average ratio of laminated facies is 571.  Figure 3.5a illustrates the 
distribution of C/P ratios for the laminated facies centered on the range of 500-
600.  C/P ratios for the Camp Run Member for laminated and bioturbated facies 
are 564 and 125, respectively.  Figure 3.5b shows histograms for the laminated 
and bioturbated facies of the Camp Run Member with no overlapping of C/P 
values between the two lithologies.  The Clegg Creek Member has an average 
C/P ratio of 653, and the distribution of the C/P values is observed in the 
histograms of Fig. 3.5c where there is a distribution centered around the 600-700 
range. 
The average C/P ratio of the Huron Shale from the Cumberland Saddle 
and Appalachian Basin for laminated facies is 539 and 34 for bioturbated facies, 
and the distribution of C/P ratios is observed in Fig. 3.6a.  The C/P ratios of the 
Three Lick Bed for the laminated facies average 524 and the bioturbated 
samples average 37 (Fig. 3.6b), where the large difference in C/P ratios is clearly 
observed between the two lithologies.  The Cleveland Shale Member has an 
average C/P ratio of 491 and the distribution of ratios is displayed in the 
histogram in Fig. 3.6c.     
The Bedford Shale is characterized by very low C/P ratios corresponding 
with the very low percentage of Corg with an average C/P ratio of 43.  All samples 
fall in the range of 0-100 for the C/P ratio except for the lone black, laminated 
shale in the formation and these observations are apparent in Fig. 3.6d.  The 
early Mississippian Sunbury Shale has the highest average C/P ratio at 706 and 
the distribution of ratios is observed in Fig. 3.6e.  The very high C/P ratios make 
sense with the high % Corg and relatively low % P values.   
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%C and C/P versus Depth 
Ratios of C/P and % Corg are plotted next to each other versus depth for 
each core used in the study (Figs. 3.7 and 3.8).  A similar pattern between C/P 
ratio and % Corg is observed: in samples where the % Corg is high, the C/P ratio is 
also high; conversely, low % Corg samples have low C/P ratios (Figures 3.9-3.11). 
There are some exceptions where the concentration of P plays a more important 
role than % Corg in the matching patterns of the plots of % Corg and C/P vs. depth.  
Core L-3 (Fig. 3.10) has a negative slope and poor correlation (r2=0.16) of C/P 
and % Corg, and as a consequence, P has more influence on the C/P ratio than % 
Corg.  Each core studied has sections that have similar patterns and sections that 
do not have similar patterns in terms of highs or lows of % Corg and C/P ratio.  
The % Corg and C/P ratio do not follow the same pattern in; the lower portion of 
the Clegg Creek Member in the IRQ core (Fig. 3.7a), the upper portion of the 
Morgan Trail/Blocher in T-8 (Fig. 3.7b), the Cleveland Member in all cores (Fig. 
3.7c,d and Fig. 3.8a,b,c,d), and the upper Huron In L-3 (Fig. 3.8a) and T-12 (Fig. 
3.8b).  
C-S and C/N vs. C/P relationships 
 The relationship between organic carbon and total sulfur is used to 
determine depositional environments in terms of normal marine settings versus 
euxinic environments.  Under normal marine conditions, a C-S cross plot will 
show a positive correlation with the trend line having a zero y-intercept. (Berner 
and Raiswell, 1983). For the New Albany Shale (Fig 3.12), the Morgan 
Trail/Blocher Members plot shows a linear regression with a negative slope, y-
intercept of 3 and R2 value of 0.05.  The R2 value indicates how well the linear 
regression fits the data, the closer the value is to 1, the stronger the correlation 
is.  The Camp Run Member plot shows a positive slope, y-intercept of 1.1 and R2 
value of 0.33 for the linear regression.  The linear regression of the Clegg Creek 
Member has a negative slope, y-intercept of 4.7, and R2 value of 0.004.   
  20
 The Huron Member of the Ohio Shale (Fig. 3.13) has a linear regression 
with a positive slope, y-intercept of 1.5, and R2 of 0.33.  The Three Lick Bed data 
shows a positive slope with a y-intercept of 1.9 and R2 of 0.03.  The Cleveland 
Member data have a linear regression with a negative slope, y-intercept of 2.7, 
and R2 value of 0.006.  The linear regression of the Bedford Shale is distorted by 
one sample with an anomalously high Corg percentage for the member, but it has 
a y-intercept of 0.68 and R2 of 0.059  The linear regression line for the Sunbury 
Shale data shows a negative slope, y-intercept of 4.0 and a R2 value of 0.19.   
 Plots of C/N ratios versus C/P ratios are presented in Figure 3.14 for the 
Illinois Basin New Albany Shale, and Figure 3.15 for the Cumberland Saddle and 
Appalachian Basin Sunbury, Cleveland, and Ohio Shales.  In these plots, the 
relative concentration of N and P can be observed in relation to each other.  The 
samples that have a C/N ratio below ~20 and a C/P ratio below ~200 are 
bioturbated samples.  Other than the bioturbated facies, almost all of the other 
samples in the New Albany, Ohio, and Sunbury Shales range between 20 and 40 
for C/N.   
Petrographic Analysis 
 Variations in the organic composition of black shales can give insight to 
the source of OM present and the conditions associated with the accumulation of 
OM.  The macerals present in the samples are bituminite, alginite (telalginite and 
lamalginite), vitrinite, and inertinite. Photomicrographs showing the macerals are 
in Figure 3.16.  The results from the point count analysis performed on the 18 
samples are displayed in Table 3.5.   The first group of samples is laminated with 
generally higher Corg content and the most organic constituents are marine in 
origin.  The average terrestrial/marine maceral ratio (T/M= (vitrinite + 
inertinite)/(alginite + bituminite)) for those samples is 0.19, with the dominant 
maceral in all samples being bituminite constituting an average of 71% of all 
macerals counted. The second group of samples in Table 3.5 is bioturbated with 
generally lower Corg content and most of the samples have a higher T/M ratio 
with an average of 0.32.  Bituminite is still the most abundant maceral with an 
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average of 58%, but the amounts of vitrinite and inertinite are greater.  The 
laminated samples average 9% and 6% for vitrinite and inertinite, respectively, 
and the bioturbated samples average 15% and 8% for vitrinite and inertinite, 
respectively.  The inertinite present in both the laminated and bioturbated 
samples is fusinitic and semifusinitic in nature, however, there is more present in 
the bioturbated samples.  
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Table 3.1: Summary of % Corg data for each member 
Shale (laminated) Avg. % Corg Min. % Corg Max. % Corg Std. Dev. n 
Clegg Creek  11.97  0.47  21.57  3.66      52
Camp Run  6.28  2.26  15.23  2.43      47
Blocher/Morgan Trail  8.38  3.73  15.94  3.01      41
Sunbury  10.90  7.26  17.39  2.37      27
Bedford  -  -  -  -  -
Cleveland  10.75  2.72  24.17  4.03     117
Three Lick  7.42  3.83  12.19  2.46      22
Huron  7.17  2.19  18.39  2.63     244
Shale (bioturbated) Avg. % Corg Min. % Corg Max. % Corg Std. Dev. n 
Clegg Creek  -  -  -  -  -
Camp Run  1.10  0.28  2.96  0.86      11
Blocher/Morgan Trail  2.47  0.33  6.26  2.66       4
Sunbury  -  -  -  -  -
Bedford  0.75  0.16  6.68  1.15      31
Cleveland  -  -  -  -  -
Three Lick  0.31  0.22  0.48  0.08       9
Huron  0.43  0.10  3.36  0.67      30
 
 
Table 3.2: Summary of % P data for each member 
Shale (laminated) Avg. % P Min. % P Max. % P Std. Dev. n 
Clegg Creek  0.06  0.02  0.47  0.08  52
Camp Run  0.03  0.02  0.06  0.01  47
Blocher/Morgan Trail  0.04  0.02  0.14  0.03  41
Sunbury  0.05  0.02  0.22  0.04  27
Bedford  -  -  -  -  -
Cleveland  0.07  0.02  0.35  0.05  117
Three Lick  0.04  0.02  0.06  0.01  22
Huron  0.04  0.02  0.16  0.02  244
Shale (bioturbated) Avg. % P Min. % P Max. % P Std. Dev. n 
Clegg Creek  -  -  -  -  -
Camp Run  0.02  0.02  0.03  0.01  11
Blocher/Morgan Trail  0.20  0.06  0.27  0.10  4
Sunbury  -  -  -  -  -
Bedford  0.07  0.02  0.55  0.10  31
Cleveland  -  -  -  -  -
Three Lick  0.02  0.02  0.03  0.01  9
Huron  0.04  0.01  0.17  0.03  30
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Table 3.3: Summary of C/P ratio data for each member 
Shale (laminated) Avg. C/P Min. C/P Max. C/P Std. Dev. n 
Clegg Creek 653 3 1055 211 52
Camp Run 564 342 727 93 47
Blocher/Morgan Trail 571 165 1054 227 41
Sunbury 706 143 1083 187 27
Bedford - - - - -
Cleveland 491 88 963 177 117
Three Lick 524 292 885 125 22
Huron 539 162 1177 156 244
Shale (bioturbated) Avg. C/P Min. C/P Max. C/P Std. Dev. n 
Clegg Creek - - - - -
Camp Run 125 28 261 84 11
Blocher/Morgan Trail 78 3 266 126 4
Sunbury - - - - -
Bedford 43 2 309 53 31
Cleveland - - - - -
Three Lick 36 27 50 7 9
Huron 34 4 200 46 30
 
 
Table 3.4: Summary of average C/P ratios and average C/P ratios for bioturbated 
and laminated Devonian shales reported from (Ingall et al., 1993) and (Rimmer et 
al., 2004). 
Shale (Ingall et al., 1993) Bioturbated C/P Laminated C/P 
Camp Run 70 690 
Shale (Rimmer et al., 2004) Bioturbated C/P Laminated C/P 
Sunbury - 559 
Cleveland - 464 
Three Lick 72 741 
Huron 49 762 
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Table 3.5: Petrographic data for the selected samples analyzed.  (Corg reported 
as wt. %, macerals reported as vol. %, Vit=total vitrinite, Inert=total inertinite, 
Telal=telalginite, Lamal=lamalginite, Bit=bituminite, T/M=terrestrial/marine= 
(Vitrinite+Inertinite)/(Alginite+Bituminite)  
Sample 
(Laminated) % Corg Vit Inert Telal Lamal Bit T/M 
D4-12  17.39   7.3  5.3  -   0.7  86.7 0.15
D4-31  16.09   9.0  4.7  13.0  9.7  63.7 0.16
D4-43  13.02   5.3  5.7  10.0  11.0  68.0 0.12
D4-52  3.38   14.3  21.7  4.0  7.3  52.7 0.56
IRQ-2  18.23   10.0  4.0  0.7  3.0  82.3 0.16
IRQ-6  14.83   3.0  5.3  9.0  11.0  71.7 0.09
IRQ-17  12.30   3.0  1.0  11.7  16.7  67.7 0.04
L8-3  20.29   6.0  8.3  7.0  11.7  67.0 0.17
L8-8  17.56   6.7  7.0  4.0  7.7  74.7 0.16
L8-21  6.99   24.0  8.3  2.7  15.3  49.7 0.48
L8-32  2.19   9.7  2.3  1.7  16.7  69.7 0.14
L8-35  15.93   4.3  1.3  13.0  8.7  72.7 0.06
Sample 
(Bioturbated) % Corg Vit Inert Telal Lamal Bit T/M 
D4-116  0.34   24.3  15.7  1.0  9.0  50.0 0.67
D4-144  3.36   16.7  8.0  8.7  17.3  49.3 0.33
IRQ-30  1.73   11.7  5.3  5.7  17.3  60.0 0.20
IRQ-66  0.90   10.0  7.0  2.7  23.3  57.0 0.20
IRQ-80  1.83   14.3  1.7  2.0  17.7  64.3 0.19
L8-34  0.44   14.7  7.7  0.3  12.7  64.7 0.29
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Figure 3.1: Histograms of %Corg contents for the a) Morgan Trail/Blocher 
Members (laminated vs. bioturbated), b) Camp Run Member (laminated vs. 
bioturbated)), and c) Clegg Creek Member (all laminated) of the New Albany 
Shale. 
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Figure 3.2: Histograms of %Corg concentrations for the a) Huron Shale (laminated 
vs. bioturbated), b) Three Lick Bed (laminated vs. bioturbated), and c) Cleveland 
Members of the Ohio Shale (all laminated), the d) Bedford Shale (all bioturbated), 
and the e) Sunbury Shale (all laminated). 
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Figure 3.3: Histograms of %P concentrations for the a) Morgan Trail/Blocher 
Members (laminated vs. bioturbated), b) Camp Run Member (laminated vs. 
bioturbated), and c) Clegg Creek Member (all laminated) of the New Albany 
Shale.   
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Figure 3.4: Histograms of %P concentrations for the a) Huron Shale (laminated 
vs. bioturbated), b) Three Lick Bed (laminated vs. bioturbated), and c) Cleveland 
Members of the Ohio Shale (all laminated), the d) Bedford Shale (all bioturbated), 
and the e) Sunbury Shale (all laminated).    
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Figure 3.5: Histograms of C/P ratios for the a) Morgan Trail/Blocher Members 
(laminated vs. bioturbated), b) Camp Run Member (laminated vs. bioturbated), 
and c) Clegg Creek Member (all laminated) of the New Albany Shale. 
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Figure 3.6: Histograms of C/P ratios for the a) Huron Shale (laminated vs. 
bioturbated), b) Three Lick Bed (laminated vs. bioturbated), and c) Cleveland 
Members of the Ohio Shale (all laminated), the d) Bedford Shale (all bioturbated), 
and the e) Sunbury Shale (all laminated). 
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Figure 3.7: % C and C/P ratios are plotted vs. depth for four cores in the study; a) 
IRQ, b) T-8, c) L-7, d) L-8.  Solid line shows the Redfield Ratio 106:1 (Redfield, 
1958), the dashed lines represent average C/P ratios of bioturbated and 
laminated shales of 70 and 690 for the Camp Run Member of the New Albany 
Shale from Ingall et al. (1993).   
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Figure 3.8: % C and C/P ratios are plotted vs. depth for four cores in the study; a) 
L-3, b) T-12, c) D-4 and d) KEP-6. Solid line shows the Redfield Ratio 106:1 
(Redfield, 1958), the dashed lines represent average C/P ratios of bioturbated 
and laminated shales of 70 and 690 for the Camp Run Member of the New 
Albany Shale from Ingall et al. (1993).   
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Figure 3.9: Plots of C/P vs. % Corg for cores from the Illinois Basin. 
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Figure 3.10: Plots of C/P vs. % Corg for cores from the Cumberland Saddle. 
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Figure 3.11: Plots of C/P vs. % Corg for cores from the Appalachian Basin. 
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Figure 3.12: Plots of % total S versus % Corg for the Morgan Trail/Blocher, Camp 
Run, and Clegg Creek Members of the New Albany Shale of the Illinois Basin.   
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Figure 3.13: Plots of % total S versus % Corg for the Huron Shale Member, Three 
Lick Bed, and Cleveland Members of the Ohio Shale, the Bedford Shale, and the 
Sunbury Shale of the Cumberland Saddle and Appalachian Basin.   
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Figure 3.14: Plots of C/N vs. C/P for the Clegg Creek, Camp Run, and Morgan 
Trail/Blocher Members of the New Albany Shale from the Illinois Basin.  Dashed 
lines represent the Redfield Ratio (Redfield, 1958) for C/N 6.6 and C/P 106. 
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Figure 3.15: Plots of C/N vs. C/P for the Sunbury Shale, Bedford Shale, and 
Cleveland, Three Lick Bed, and Huron Members of the Ohio Shale of the 
Cumberland Saddle and Appalachian Basin.  Dashed lines represent the 
Redfield Ratio (Redfield, 1958) for C/N 6.6 and C/P 106. 
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Figure 3.16: Photomicrographs of representative macerals.  (a) Inertinite (I), 
vitrinite (V) and bituminite (B), D-4-31, Cleveland Shale, (b)  telalginite (T), 
lamalginite (L) under blue-light illumination, IRQ-6, Clegg Creek, (c) same field of 
view as (b) but under white-light, inertinite (I), telalginite (T), and pyrite (P), IRQ-
6, Clegg Creek. 
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CHAPTER 4 
DISCUSSION 
C-S and C/N vs. C/P relationships 
 The C-S cross plots presented in Figs 3.12 and 3.13 can be used to 
determine normal (oxygenated) versus euxinic depositional conditions.  In normal 
marine conditions, the C-S cross plot should have a strong positive correlation 
and the trend line should pass through the origin (Berner and Raiswell, 1983).  If 
there is not a positive correlation and there is a positive y-intercept, conditions 
may have been anoxic to euxinic based on the higher concentrations of sulfur in 
relation to % Corg.  The Morgan Trail/Blocher and Clegg Creek Members of the 
New Albany Shale, the Huron, Three Lick Bed and Cleveland Members of the 
Ohio Shale and the Sunbury Shale have a positive y-intercept and either a poor 
positive correlation or negative correlation (Figs. 3.12 and 3.13) between % Corg 
and % S for the laminated and bioturbated facies; thus, each shale was 
deposited under low-oxygen or anoxic conditions.  The Camp Run Member has a 
positive slope with a y-intercept close to zero (1.1) for both the laminated and 
bioturbated facies (Fig 3.12), as does the Bedford Shale (y-intercept 0.66) for just 
bioturbated facies (Fig. 3.13).  Therefore, the two shales were most likely 
deposited in normal or close to normal conditions.   
 The plots of C/N versus C/P (Figs 3.14 and 3.15) provide insight to the 
relative variability of N and P preserved in the shales.  For all the shales studied 
except the Bedford Shale, the C/N ratios for the majority of the samples stay 
within the range of ~20-40, whereas the corresponding C/P ratios have a much 
larger range from ~200-1000.  For the Camp Run Member (Fig 3.14) and the 
Huron Member (Fig. 3.15), there are low C/N ratios and matching low C/P ratios.  
The other shales studied do not have corresponding low C/N ratios for the low 
C/P ratios.    
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Productivity-Anoxia Feedback Model (PAF) and C/P ratios 
 The productivity anoxia feedback (PAF) model proposed by Ingall and 
Jahnke (1997), which provides an explanation for the presence of organic-rich 
marine sediments, states that there is a positive feedback between water-column 
anoxia, enhanced benthic regeneration of P, and marine productivity. The 
availabilities of N and P are the primary controls on biological productivity in 
marine environments (Redfield, 1958; Ryther and Dunstan, 1971; Smith, 1984; 
Moore et al., 2008). Because N is fixed from the atmosphere by marine 
organisms, P is considered the ultimate limiting nutrient over long time scales 
(Redfield, 1958; Van Cappellen and Ingall, 1994; Tyrrell, 1999).  C/P ratios of 
bulk sediment are used as a proxy to indicate the amount of P regeneration and 
marine productivity.  Typical C/P ratios for normal marine phytoplankton (the 
Redfield ratio) are 106:1 (Redfield, 1958), and previous research has shown that 
laminated shales deposited in oxygen-deprived environments typically have C/P 
ratios an order of magnitude higher than bioturbated shales deposited in 
oxygenated waters (Ingall et al., 1993; Ingall and Jahnke, 1994; Sageman et al., 
2003; Rimmer et al., 2004; Algeo and Ingall, 2007).    Previous work on the 
Camp Run Member of the Devonian New Albany shale of the Illinois Basin have 
reported average (C/P)org ratios of 150 for bioturbated shales and 3900 for 
laminated shales (Ingall et al., 1993).  Bioturbated shales are interpreted to be 
deposited under oxic conditions while laminated shales are interpreted to be 
deposited in anoxic to dysoxic waters (Rhoads and Morse, 1971; Rhoads et al., 
1991).  In this study, ratios of Corg and total P are utilized as opposed to the use 
of (C/P)org ratios used in some previous studies.  Assuming that there was no 
inorganic P present in the sediment initially, and all the organic P from the OM 
was converted to inorganic P, the ratio of Corg to total P (C/P) is a conservative 
lower limit estimate of the (C/P)org ratio (Ingall et al., 1993).  In other Devonian 
black shales, Rimmer et al., (2004) has reported 80-98% of total P is inorganic P.  
The average C/P ratio of the Camp Run Member from Ingall et al. (1993) for 
bioturbated samples is 70, and 690 for laminated samples.  Previous work of 
average C/P ratios for the Appalachian Basin, Ohio, and Sunbury Shales from 
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the D-6 core in Montgomery County, KY (Rimmer et al., 2004) are as follows: 
Huron - laminated (762), bioturbated (49), Three Lick Bed - laminated (741), 
bioturbated (72), Cleveland – all laminated (464), and Sunbury – all laminated 
(559).  Table 3.4 has a summary of C/P ratios reported by Ingall et al. (1993) and 
Rimmer et al. (2004).  A summary of average C/P ratios for each shale examined 
in this study is presented in Table 3.3.  
New Albany Shale 
 All laminated shales from each member of the New Albany Shale have 
C/P ratios that are comparable to those reported previously (Ingall et al., 1993; 
Rimmer et al., 2004), and the ratios are much higher than the bioturbated shales 
and the Redfield ratio of 106:1.  The elevated C/P ratios of the laminated shales 
are generally an order of magnitude larger than the ratios of bioturbated samples.  
The C/P ratios of the Camp Run Member in this study (bioturbated – 125, 
laminated – 564) are similar to those studied by Ingall et al. (1993) (laminated – 
690, bioturbated – 70). They both exhibit the same pattern in terms of elevated 
ratios for laminated shales and low ratios for bioturbated shales.  Because of 
these high C/P ratios, it is likely that the PAF mechanism is functioning in the 
organic-rich shales of the New Albany Shale.  P and Corg are decoupled at a high 
rate in anoxic bottom waters and excess P in the water column is returned to the 
photic zone through water column mixing, consequently promoting high primary 
productivity.  
Ohio, Bedford and Sunbury Shales 
 The Huron Member of the Ohio Shale has average C/P ratios that are 
elevated for laminated shales and low for bioturbated shales (Figure 3.6).  The 
average C/P ratio reported by Rimmer et al. (2004) for the Huron Shale 
laminated samples is higher than that found in the current study, but the order of 
magnitude difference between the ratios of laminated and bioturbated shales is 
present.  The difference (223) in these average ratios (762 vs. 539, Tables 3.3 
and 3.4) could be due to differences in sampling strategy and/or core location.  
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The average C/P ratio for the Huron Shale from Rimmer et al. (2004) is from one 
core in the Appalachian Basin, whereas the ratio determined in this study is from 
six cores from the Cumberland Saddle and Appalachian Basin.  The Three Lick 
Bed is an alternating gray and black shale unit that has varying C/P ratios.  The 
high C/P ratios of the laminated black shales of the unit are comparable to ratios 
previously reported and suggest conditions proposed by the PAF mechanism 
were present during their deposition.  The average C/P ratio of the Cleveland 
Member from the current study (491) is very similar to that reported by Rimmer et 
al. (2004) (464), and both ratios suggest that there is a decoupling of P in oxygen 
depleted waters relative to Corg.   
The Bedford Shale is a gray, bioturbated, low-carbon shale with low C/P 
ratios.  As a carbon-poor shale, one would expect the C/P ratio to be low (e.g., 
around the Redfield ratio) because oxygenated bottom waters aided in the burial 
of P by means of either: 1) accumulation of nonmetabolizable P by 
microorganisms, or 2) P was immobilized with mineral phases during oxidative 
precipitation of Fe(III) oxyhydroxides (Krom and Berner, 1981; Ingall and Jahnke, 
1994).  The Mississippian Sunbury Shale has the highest average C/P ratio of all 
shales investigated, and is higher but still comparable to the ratios determined in 
Rimmer et al. (2004).  This very high average C/P ratio can be explained by the 
regeneration of P under anoxic conditions relative to Corg as explained in the PAF 
model.   
High C/P ratios for laminated black shales in the Ohio and Sunbury Shales 
suggest that bacteria preferentially remineralized P, and Corg was preferentially 
buried in anoxic bottom waters.  The remineralized P in the water column 
promoted primary biological productivity to complete the positive feedback of the 
PAF model.     
Organic Petrography 
 One possible explanation for elevated C/P ratios in organic-rich shales is 
the type of OM present.  The C/P ratio for normal marine phytoplankton is 106 
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(Redfield, 1958), and the C/P ratio for terrestrial OM ranges from 300-1300 
because terrestrial plants contain less P (Ruttenberg and Goni, 1997).  If the 
majority of organic constituents in a shale are terrestrial, it is feasible that the C/P 
could be higher than the Redfield Ratio with relatively no benthic P regeneration 
as proposed in the PAF mechanism.  To determine if terrestrial OM could be the 
cause for elevated C/P ratios in this study; organic petrography was performed to 
determine the source of OM present.  Laminated samples with generally higher 
% Corg contain 64-96% marine OM with an average of 85%, and the bioturbated 
samples with low % Corg contain 60-84% marine OM with an average of 77% 
(Table 3.5).  There is no clear relationship between increasing amounts of 
terrestrial OM (higher T/M) and elevated C/P ratios (Fig. 4.1a); on the contrary, if 
samples with the highest C/P ratios have the most marine OM (low T/M).  In the 
same sense, the samples with the highest % Corg also have the most marine OM 
(lower T/M) (Fig. 4.1b). Being marine in origin, bituminite is the most abundant 
maceral in all samples, and there is a positive correlation between increasing 
bituminite and increasing C/P ratio and % Corg (Fig. 4.1c,d).  Based on the 
observation that the amount of terrestrial OM does not increase with increasing 
C/P ratio, the high C/P ratio of terrestrial OM alone does not account for the 
elevated C/P ratios of the shales in this study.  This finding that high C/P ratios 
are not due to terrestrial OM is in line with results reported by Ingall et al, (1993).  
They report that marine OM was the predominant type of OM found in both 
bioturbated and laminated facies (Ingall et al., 1993).        
Possible mechanisms for overturn of water column 
 In order for the PAF mechanism to work effectively, the regenerated P 
from bottom waters must be returned to the photic zone in order to increase 
primary productivity.  An overturn of the water column periodically is the most 
likely scenario allowing recycling of P.  Sageman et al. (2003) and Murphy et al. 
(2000) propose seasonal or longer term mixing events potentially caused by 
upwelling or wind that would break down thermal stratification in the basin.  Other 
pieces of evidence that point towards upwelling as a mechanism for water 
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column mixing are sedimentary features noted by Schieber (2003) in Devonian 
black shales of the Appalachian Basin.  Scour marks and erosion and truncation 
surfaces present in the shales are considered indicators of strong bottom 
currents associated with upwelling (Schieber, 2003).  Given that these 
sedimentary features are present in the Devonian black shales studied by 
Schieber, it is likely that water column mixing by means of upwelling could have 
been responsible for transporting P to the photic zone.   
Modern Upwelling Systems 
 Coastal upwelling in the modern ocean is characterized by the upwelling 
of deep, nutrient-rich water to the surface, which causes increased levels of 
primary biologic productivity.  As a result of the increased productivity in the 
surface, the sinking OM is remineralized and the decreased levels of dissolved 
oxygen create an oxygen minimum zone (OMZ) below the region of upwelling, 
and sediments rich in OM often accumulate (Brumsack, 1989). Coastal upwelling 
is caused by prevailing winds parallel to the coast that result in Ekman transport 
pushing surface waters away from the coast, promoting deep water transport to 
the surface (Smith, 1992),  
 Upwelling systems in the modern ocean have several aspects that are 
similar to the productivity-anoxia feedback (PAF) model proposed by Ingall.  The 
most obvious aspect in both situations is that the facies preserved are organic-
rich, and nutrient-rich bottom waters are brought to the surface that in turn, cause 
an increase in primary productivity.  The aspect of the PAF model that needs 
more support is the requirement for overturn of the water column.  Upwelling is a 
potential mechanism to explain overturn.  In order to investigate if upwelling 
could have been a possible mechanism for water column overturn, geochemical 
parameters from modern coastal upwelling systems have been compiled to 
compare with the shales evaluated in this study (Table 4.1).   
 The Oman margin, Peru margin, Gulf of California, and the Namibian shelf 
are all areas of upwelling where there are increased levels of primary biological 
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productivity and organic-rich sediments preserved (Calvert and Price, 1983; 
Froelich et al., 1988; Brumsack, 1989; Calvert et al., 1992; Twichell et al., 2002; 
Tamburini et al., 2003).  The average percentage of Corg for each of the upwelling 
sites with the exception of the Oman margin is very similar (>~5%) to the 
laminated facies of the New Albany, Ohio and Sunbury Shales (Figs. 4.2 and 
4.3).  The OM in the sediments from the upwelling systems is overwhelmingly 
marine in origin (Calvert and Price, 1983; Twichell et al., 2002; Tamburini et al., 
2003), just as in the shales from the current study (Table 3.5).   
 The similarities between the modern upwelling systems and the shales of 
the Appalachian and Illinois Basins do not extend past % Corg.  When comparing 
the average C/P and C/N ratios, there are no similarities (Figs. 4.2 and 4.3).  The 
maximum C/P and C/N ratio of all the upwelling sediments are not as high as the 
average C/P and C/N for each laminated facies of all shales in the current study.  
The lower C/P ratios from the upwelling sediments can be attributed to higher 
amounts of P in the sediments.  Higher concentrations of P preserved in the 
sediments are either due to the absence of benthic P regeneration, or the 
presence of phosphorites or fish debris.  Tamburini et al. (2003) states that there 
is P regeneration on the Oman margin, as does Brumsack (1989) for the Gulf of 
Mexico, and Froelich et al. (1988) for the Peru margin.  Because the regeneration 
of P has been documented, the low C/P ratios must be attributed to something 
else.  The formation and presence of phosphorites, more specifically carbonate 
fluorapatite (CFA), in the coastal upwelling sediments is well documented, as is 
the presence of fish debris (Calvert and Price, 1983; Froelich et al., 1988; 
Tamburini et al., 2003).  Phosporites can be found in forms ranging from 
reworked concretions, pellets, unconsolidated and friable phosphorite, and fine-
grained and dispersed phosphorite (Calvert and Price, 1983).  These sources of 
P present in the sediment are likely part of the reason the C/P ratios tend to be 
lower than one would expect where the regeneration of P occurs.    
 It is unlikely given the very different C/P and C/N ratios that exist between 
the sediments of modern upwelling systems and the ratios of the organic-rich 
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mudstones from the current study that the depositional conditions for both facies 
were the same.  However, this does not imply that certain, non-unique 
environmental conditions were not present.  Given the observations made by 
Schieber (2003) regarding strong bottom currents in Devonian organic-rich 
mudstones, evidence of P regeneration in modern upwelling systems, and a 
mechanism needed to return the regenerated P to surface waters as proposed in 
the PAF model, it is not unreasonable to suggest that upwelling in some form 
could have occurred during the deposition of the New Albany or Ohio Shales.     
Conclusions 
Conclusions that may be drawn from this study: 
1. Based on C/P ratios, the laminated facies of all members of the New 
Albany and Ohio Shales, and the Sunbury Shale provide support for 
the PAF mechanism.  The high C/P ratios imply that the bacterial 
decoupling and remineralization of P relative to Corg in oxygen-depleted 
waters likely occurred. Excess P in the water column was returned to 
the photic zone and subsequently promoted primary biological 
productivity.  Anoxic bottom waters then facilitated the preservation of 
OM rather than its metabolization by aerobic bacteria.   
2. Based on organic petrography, the laminated, organic-rich mudstones 
of this study tend to have an overwhelmingly marine source of OM, 
and low-Corg, bioturbated, gray shales tend be have more terrestrial 
OM, but still the majority of OM is of marine origin.  The high C/P ratios 
in the laminated samples are not attributable to terrestrial sources of 
OM.  
3. C-S relationships imply the deposition of the Camp Run Member of the 
New Albany Shale and the Bedford Shale in normal or close to normal 
oxygenated conditions.  The Morgan Trail/Blocher and Clegg Creek 
Members of the New Albany Shale, the Huron, Three Lick Bed, and 
Cleveland Members of the Ohio Shale, and the Sunbury Shale were 
deposited in anoxic to euxinic conditions.   
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4. It is possible that some form of upwelling could have occurred 
periodically during deposition of the late Devonian-early Mississippian 
marine shales to return P back to the photic zone.  The conditions 
present were not the same as in modern upwelling systems, but many 
aspects were likely similar.    
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Table 4.1: Average % Corg, C/P and C/N ratios for modern coastal upwelling sites 
and the Ohio, Sunbury and New Albany Shales. 
  % Corg (Avg.) C/P (Avg.) C/N (Avg.) 
Oman margin 0.93 22 10 
Peru margin 6.86 97 10 
Gulf of California 4.47 108 9 
Namibian shelf 6.66 52 10 
Huron 7.17 539 27 
Three Lick 7.42 524 26 
Cleveland 10.75 491 30 
Sunbury 10.90 706 28 
Morgan Trail/Blocher 8.38 571 30 
Camp Run 6.28 564 30 
Clegg Creek 11.97 653 33 
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Figure 4.1: Plots of a) C/P ratio vs. the terrestrial/marine maceral ratio (T/M), b) 
% Corg vs. T/M, c) C/P vs. % Bituminite, and d) % Corg vs. % Bituminite for 
samples listed in Table 3.5.   
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Figure 4.2: Plots % Corg, C/P and C/N ratios for sediments from the modern 
upwelling regions of the Oman margin, the Peru margin, the Gulf of California, 
the Namibian shelf (Calvert and Price, 1983; Froelich et al., 1988; Brumsack, 
1989; Calvert et al., 1992; Twichell et al., 2002; Tamburini et al., 2003), and the 
MT (Morgan Trail)/Blocher, Camp Run, and Clegg Creek Members of the New 
Albany Shale.    
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Figure 4.3: Plots of % Corg, C/P and C/N ratios for sediments from the modern 
upwelling regions of the Oman margin, the Peru margin, the Gulf of California, 
the Namibian shelf (Calvert and Price, 1983; Froelich et al., 1988; Brumsack, 
1989; Calvert et al., 1992; Twichell et al., 2002; Tamburini et al., 2003), and 
Huron, Three Lick Bed, and Cleveland Members of the Ohio Shale and the 
Sunbury Shale. 
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Appendix 1 
Table 1: Data for core IRQ 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
IRQ-1 Clegg Creek lam 39.84 21.57 0.06 988 2.27 32
IRQ-2 Clegg Creek lam 41.11 18.23 0.47 101 0.99 34
IRQ-3 Clegg Creek bio 41.23 0.47 0.44 3 3.69 8
IRQ-4 Clegg Creek lam 42.40 16.88 0.10 453 1.01 37
IRQ-5 Clegg Creek lam 43.28 15.09 0.05 713 2.71 38
IRQ-6 Clegg Creek lam 44.25 14.83 0.06 649 2.99 38
IRQ-7 Clegg Creek lam 45.10 14.26 0.05 669 3.04 38
IRQ-8 Clegg Creek lam 47.08 11.17 0.06 485 4.22 34
IRQ-9 Clegg Creek lam 49.25 13.10 0.05 691 8.14 36
IRQ-10 Clegg Creek lam 50.11 12.02 0.04 789 7.19 26
IRQ-11 Clegg Creek lam 51.14 11.82 0.05 587 5.62 36
IRQ-12 Clegg Creek lam 52.25 12.08 0.04 714 4.66 35
IRQ-13 Clegg Creek lam 53.15 14.44 0.05 705 5.62 36
IRQ-14 Clegg Creek lam 54.12 13.73 0.04 854 4.82 37
IRQ-15 Clegg Creek lam 55.15 14.09 0.05 688 4.99 35
IRQ-16 Clegg Creek lam 56.34 14.20 0.04 823 5.23 34
IRQ-17 Clegg Creek lam 57.14 12.30 0.04 835 8.20 35
IRQ-18 Clegg Creek lam 58.35 14.83 0.04 903 7.11 35
IRQ-19 Clegg Creek lam 59.18 13.86 0.03 1050 6.16 35
IRQ-20 Clegg Creek lam 60.13 15.22 0.05 833 6.08 36
IRQ-21 Clegg Creek lam 61.07 15.81 0.05 890 5.02 36
IRQ-22 Clegg Creek lam 62.07 15.40 0.05 875 4.96 36
IRQ-23 Clegg Creek lam 63.40 13.64 0.06 630 4.53 36
IRQ-24 Clegg Creek lam 64.45 11.68 0.06 527 5.38 35
IRQ-25 Clegg Creek lam 65.67 11.92 0.05 624 4.06 34
IRQ-26 Clegg Creek lam 66.63 10.54 0.05 571 5.33 35
IRQ-27 Camp Run lam 67.47 10.42 0.05 527 3.96 37
IRQ-28 Camp Run lam 68.29 2.96 0.03 261 1.92 25
IRQ-29 Camp Run lam 68.58 7.54 0.04 537 2.88 35
IRQ-30 Camp Run bio 69.23 1.73 0.03 135 6.97 19
IRQ-31 Camp Run lam 69.40 7.69 0.04 450 3.20 33
IRQ-32 Camp Run lam 70.21 8.77 0.04 589 3.09 34
IRQ-33 Camp Run lam 71.67 7.12 0.04 501 2.99 31
IRQ-34 Camp Run bio 71.83 0.35 0.02 43 0.80 5
IRQ-35 Camp Run bio 72.09 0.28 0.03 28 0.65 4
IRQ-36 Camp Run lam 72.23 7.61 0.03 703 2.28 33
IRQ-37 Camp Run lam 73.21 8.80 0.04 578 5.26 34
IRQ-38 Camp Run lam 74.17 8.63 0.04 607 3.26 34
IRQ-39 Camp Run lam 75.28 9.78 0.04 664 2.98 41
IRQ-40 Camp Run lam 76.24 11.07 0.04 727 4.11 35
IRQ-41 Camp Run lam 77.10 5.26 0.03 415 1.82 29
IRQ-42 Camp Run lam 78.26 8.22 0.03 630 2.46 33
IRQ-43 Camp Run bio 79.17 0.36 0.02 42 0.92 5
IRQ-44 Camp Run lam 79.74 8.25 0.04 574 3.60 42
IRQ-45 Camp Run lam 80.21 6.65 0.03 504 1.71 39
IRQ-46 Camp Run bio 81.32 0.58 0.02 74 0.86 8
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Table 1 (continued) 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
IRQ-47 Camp Run lam  81.49  5.44  0.03 511  2.08 29
IRQ-48 Camp Run bio  82.09  0.62  0.02 81  1.64 8
IRQ-49 Camp Run lam  82.34  6.91  0.03 692  2.45 31
IRQ-50 Camp Run lam  83.15  4.09  0.03 409  1.21 27
IRQ-51 Camp Run lam  84.17  5.31  0.03 413  2.46 34
IRQ-52 Camp Run bio  85.20  1.79  0.02 216  1.65 17
IRQ-53 Camp Run lam  85.35  6.41  0.03 592  2.12 30
IRQ-54 Camp Run lam  86.61  9.26  0.04 622  2.73 35
IRQ-55 Camp Run lam  87.76  8.77  0.04 589  2.51 32
IRQ-56 Camp Run lam  88.61  5.93  0.03 584  2.31 29
IRQ-57 Camp Run lam  89.33  2.26  0.02 342  0.16 22
IRQ-58 Camp Run lam  90.21  5.99  0.03 580  2.38 29
IRQ-59 Camp Run lam  91.08  4.54  0.03 447  1.83 27
IRQ-60 Camp Run lam  92.13  4.63  0.02 497  2.10 26
IRQ-61 Camp Run lam  93.27  5.19  0.02 578  2.29 28
IRQ-62 Camp Run lam  94.21  5.78  0.02 657  2.39 29
IRQ-63 Camp Run lam  95.12  2.42  0.02 367  1.18 20
IRQ-64 Camp Run lam  96.13  4.12  0.02 641  1.64 26
IRQ-65 Camp Run lam  97.13  4.30  0.02 619  1.68 26
IRQ-66 Camp Run bio  98.14  0.90  0.02 148  0.86 11
IRQ-67 Camp Run bio  99.11  0.71  0.02 104  0.99 9
IRQ-68 Camp Run lam  99.63  4.14  0.02 583  1.87 25
IRQ-69 Camp Run lam  100.34  4.63  0.02 636  1.78 27
IRQ-70 Camp Run lam  101.21  5.08  0.02 626  1.98 28
IRQ-71 Camp Run lam  102.15  3.13  0.02 440  1.73 25
IRQ-72 Camp Run lam  103.13  4.39  0.02 577  1.84 26
IRQ-73 Camp Run lam  104.15  5.01  0.02 604  2.02 28
IRQ-74 Camp Run lam  105.16  4.15  0.02 584  1.57 26
IRQ-75 Camp Run lam  106.24  4.79  0.02 615  2.20 27
IRQ-76 Camp Run lam  107.11  5.44  0.02 684  2.27 29
IRQ-77 Camp Run lam  108.13  4.67  0.02 673  1.75 27
IRQ-78 Camp Run lam  109.16  3.65  0.02 539  1.51 24
IRQ-79 Camp Run lam  109.64  5.19  0.02 547  1.84 28
IRQ-80 Camp Run bio  110.11  1.83  0.02 246  1.58 17
IRQ-81 Morgan Trail lam  111.15  3.73  0.02 489  1.95 27
IRQ-82 Morgan Trail lam  112.40  4.47  0.02 587  1.33 28
IRQ-83 Morgan Trail lam  113.24  4.62  0.02 569  3.01 29
IRQ-84 Morgan Trail lam  114.12  3.75  0.02 461  1.11 26
IRQ-85 Morgan Trail lam  115.22  6.51  0.03 534  2.34 33
IRQ-86 Morgan Trail lam  116.14  5.54  0.02 584  2.26 30
IRQ-87 Morgan Trail lam  116.52  6.24  0.02 647  2.56 32
IRQ-88 Morgan Trail lam  117.12  6.53  0.03 593  2.71 33
IRQ-89 Morgan Trail lam  117.58  6.16  0.02 650  3.37 33
IRQ-90 Morgan Trail lam  118.21  6.68  0.03 647  2.50 33
IRQ-91 Morgan Trail lam  119.11  8.79  0.02 911  2.52 37
IRQ-92 Morgan Trail lam  120.30  8.26  0.04 498  3.76 37
IRQ-93 Morgan Trail lam  121.03  6.26  0.06 266  6.95 35
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Table 1 (continued) 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
IRQ-94 Blocher lam  121.61  5.43  0.03 486  0.84 26
IRQ-95 Blocher lam  122.12  9.79  0.04 622  2.99 31
IRQ-96 Blocher lam  122.50  5.95  0.04 399  1.06 27
IRQ-97 Blocher lam  123.03  6.49  0.03 628  1.00 28
IRQ-98 Blocher lam  123.44  6.16  0.05 294  2.80 29
IRQ-99 Blocher lam  123.80  12.61  0.04 909  1.46 30
IRQ-100 Blocher lam  124.18  9.75  0.03 778  1.14 29
IRQ-101 Blocher lam  125.17  11.29  0.04 767  1.16 30
IRQ-102 Blocher lam  125.79  12.56  0.04 773  1.61 32
IRQ-103 Blocher lam  126.66  6.45  0.03 529  1.17 30
IRQ-104 Blocher lam  127.25  11.21  0.03 838  1.32 32
IRQ-105 Blocher lam  128.14  9.06  0.03 923  2.36 31
IRQ-106 Blocher lam  128.60  9.31  0.02 1019  1.43 30
IRQ-107 Blocher lam  129.36  9.63  0.03 769  1.95 32
IRQ-108 Blocher lam  130.36  13.73  0.03 1054  3.60 34
IRQ-109 Blocher lam  131.39  9.19  0.04 532  1.25 30
IRQ-110 Blocher lam  131.99  4.04  0.03 373  0.80 27
IRQ-111 Blocher lam  133.22  15.94  0.05 841  2.40 32
IRQ-112 Blocher lam  134.21  6.70  0.06 300  2.68 30
IRQ-113 Blocher lam  134.87  5.93  0.09 165  2.86 30
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Table 2: Data for core T-8 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
T-8-1 Clegg Creek lam  5.60   10.21  0.11 247  1.98 31
T-8-2 Clegg Creek lam  6.33   11.75  0.04 817  3.42 32
T-8-3 Clegg Creek lam  7.50   13.35  0.05 724  2.10 32
T-8-4 Clegg Creek lam  8.58   13.78  0.04 791  2.17 32
T-8-5 Clegg Creek lam  9.33   15.83  0.05 754  2.55 33
T-8-6 Clegg Creek lam  10.42   13.92  0.03 1055  2.62 32
T-8-7 Clegg Creek lam  11.67   10.95  0.06 509  2.77 32
T-8-8 Clegg Creek lam  12.42   12.35  0.04 708  2.57 32
T-8-9 Clegg Creek lam  13.25   15.42  0.05 766  2.78 32
T-8-10 Clegg Creek lam  14.10   7.86   0.04 534  3.77 29
T-8-11 Clegg Creek lam  15.95   7.11   0.03 553  3.96 29
T-8-12 Clegg Creek lam  17.42   7.34   0.03 688  3.86 30
T-8-13 Clegg Creek lam  18.42   7.08   0.04 492  3.39 29
T-8-14 Clegg Creek lam  19.58   9.17   0.03 732  4.04 30
T-8-15 Clegg Creek lam  20.58   6.94   0.02 804  3.17 30
T-8-16 Clegg Creek lam  21.58   7.93   0.04 515  3.83 31
T-8-17 Clegg Creek lam  22.75   7.05   0.04 468  4.08 32
T-8-18 Clegg Creek lam  23.42   8.64   0.03 681  3.93 32
T-8-19 Clegg Creek lam  24.50   10.12  0.03 757  6.33 31
T-8-20 Clegg Creek lam  26.25   12.36  0.05 658  6.53 30
T-8-21 Clegg Creek lam  27.58   12.32  0.04 837  5.80 30
T-8-22 Clegg Creek lam  28.58   11.83  0.06 499  6.21 31
T-8-23 Clegg Creek lam  29.67   12.31  0.07 457  5.25 31
T-8-24 Clegg Creek lam  30.75   3.26   0.03 321  3.57 31
T-8-25 Clegg Creek lam  30.92   9.52   0.05 446  4.49 30
T-8-26 Clegg Creek lam  31.75   10.61  0.06 471  5.03 31
T-8-27 Camp Run lam  33.25   7.34   0.06 336  6.21 28
T-8-28 Camp Run lam  35.83   6.24   0.03 485  3.57 27
T-8-29 Camp Run  bio  36.50   0.35   0.02 41  1.05 5
T-8-30 Camp Run lam  37.60   7.43   0.04 435  4.56 29
T-8-31 Camp Run lam  38.55   6.36   0.05 342  3.71 29
T-8-32 Camp Run lam  40.92   15.23  0.06 634  3.08 25
T-8-33 Blocher Morgan Trail lam  41.67   8.99   0.05 496  2.18 26
T-8-34 Blocher Morgan Trail lam  43.45   10.19  0.14 190  1.61 27
T-8-35 Blocher Morgan Trail lam  46.70   8.46   0.07 292  1.42 27
T-8-36 Blocher Morgan Trail bio  46.80   0.33   0.26 3  4.49 28
T-8-37 Blocher Morgan Trail lam  47.50   10.09  0.05 514  2.02 25
T-8-38 Blocher Morgan Trail bio  47.60   0.96   0.27 9  1.82 25
T-8-39 Blocher Morgan Trail lam  48.60   9.88   0.08 339  1.99 26
T-8-40 Blocher Morgan Trail bio  48.80   2.35   0.18 33  7.16 44
T-8-41 Blocher Morgan Trail lam  49.58   9.00   0.09 257  2.16 26
T-8-42 Blocher Morgan Trail lam  50.42   8.31   0.09 246  2.08 26
T-8-43 Blocher Morgan Trail lam  51.50   11.24  0.08 386  2.30 28
T-8-44 Blocher Morgan Trail lam  53.08   15.10  0.07 525  2.22 24
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Table 3: Data for core L-7 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
L-3-1 Cleveland lam  21.40   15.92  0.21 195  2.02 38
L-3-2 Cleveland lam  22.40   10.75  0.11 252  2.95 36
L-3-3 Cleveland lam  23.30   20.21  0.14 378  1.93 34
L-3-4 Cleveland lam  24.70   12.74  0.10 329  2.83 35
L-3-5 Cleveland lam  25.70   12.09  0.08 406  2.16 36
L-3-6 Cleveland lam  26.55   12.26  0.10 303  2.25 34
L-3-7 Cleveland lam  27.75   9.58   0.07 345  2.86 34
L-3-8 Cleveland lam  30.65   11.37  0.06 525  2.29 35
L-3-9 Cleveland lam  31.70   11.47  0.03 847  4.25 35
L-3-10 Cleveland lam  33.10   10.49  0.04 614  2.56 33
L-3-11 Cleveland lam  34.00   9.28   0.05 508  2.24 32
L-3-12 Three Lick lam  35.30   12.19  0.06 497  2.29 33
L-3-13 Three Lick lam  36.50   9.87   0.05 545  2.37 32
L-3-14 Upper Huron lam  38.30   8.27   0.05 432  3.06 31
L-3-15 Upper Huron lam  40.20   8.76   0.05 471  4.78 33
L-3-16 Upper Huron lam  41.35   7.40   0.03 553  3.88 31
L-3-17 Upper Huron lam  42.90   8.00   0.04 525  5.05 31
L-3-18 Upper Huron lam  45.25   8.55   0.04 609  4.37 33
L-3-19 Upper Huron lam  46.13   8.11   0.04 592  5.74 32
L-3-20 Upper Huron lam  47.80   6.71   0.03 543  5.55 31
L-3-21 Upper Huron lam  49.70   8.86   0.04 518  6.61 32
L-3-22 Lower Huron lam  51.00   8.96   0.04 654  7.39 32
L-3-23 Lower Huron lam  52.80   10.06  0.07 394  7.33 32
L-3-24 Lower Huron lam  55.00   11.05  0.07 424  6.51 34
L-3-25 Lower Huron lam  56.00   9.96   0.06 456  6.03 33
L-3-26 Lower Huron lam  58.00   12.26  0.05 604  4.42 34
L-3-27 Lower Huron lam  58.70   10.97  0.06 499  5.69 34
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Table 4: Data for core L-8 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
L-8-1 Cleveland lam  27.38   23.05  0.27 216  1.81 33
L-8-2 Cleveland lam  28.38   24.17  0.14 461  2.22 33
L-8-3 Cleveland lam  29.38   20.29  0.17 300  2.42 33
L-8-4 Cleveland lam  30.38   13.91  0.13 274  1.70 34
L-8-5 Cleveland lam  31.33   13.87  0.08 455  2.27 35
L-8-6 Cleveland lam  32.33   13.34  0.11 315  1.98 36
L-8-7 Cleveland lam  33.21   10.42  0.07 362  7.48 34
L-8-8 Cleveland lam  34.21   17.56  0.05 943  2.55 35
L-8-9 Cleveland lam  35.29   15.95  0.05 785  2.93 35
L-8-10 Cleveland lam  36.25   11.74  0.04 771  2.89 34
L-8-11 Cleveland lam  37.27   9.85   0.03 728  2.71 32
L-8-12 Cleveland lam  38.33   13.17  0.04 778  2.06 34
L-8-13 Three Lick lam  39.29   10.18  0.04 668  2.65 31
L-8-14 Three Lick lam  40.27   10.14  0.03 749  2.22 31
L-8-15 Upper Huron lam  41.42   11.32  0.04 743  2.30 32
L-8-16 Upper Huron lam  42.42   7.96   0.03 588  2.90 30
L-8-17 Upper Huron lam  43.44   11.01  0.03 813  2.80 33
L-8-18 Upper Huron lam  44.31   9.65   0.04 634  3.77 33
L-8-19 Upper Huron lam  45.44   9.93   0.04 652  4.26 33
L-8-20 Upper Huron lam  46.29   10.26  0.04 674  5.20 33
L-8-21 Upper Huron lam  47.33   6.99   0.03 590  3.59 29
L-8-22 Upper Huron lam  48.46   9.65   0.03 713  4.62 31
L-8-23 Upper Huron lam  49.35   9.83   0.03 726  4.84 33
L-8-24 Upper Huron lam  50.42   9.82   0.03 725  4.10 32
L-8-25 Upper Huron lam  51.29   9.49   0.04 623  5.94 33
L-8-26 Lower Huron lam  52.29   10.69  0.03 902  5.93 33
L-8-27 Lower Huron lam  53.29   9.43   0.03 929  5.82 32
L-8-28 Lower Huron lam  54.29   10.29  0.03 760  9.31 34
L-8-29 Lower Huron lam  55.38   10.84  0.03 915  7.05 35
L-8-30 Lower Huron lam  56.29   10.28  0.03 868  6.70 34
L-8-31 Lower Huron lam  57.42   11.94  0.05 588  7.00 34
L-8-32 Huron lam  58.40   2.19   0.03 162  2.67 18
L-8-33 Huron lam  59.40   8.80   0.05 473  4.08 32
L-8-34 Huron bio  60.29   0.44   0.03 43  0.97 5
L-8-35 Huron lam  61.29   15.93  0.03 1177  2.18 31
L-8-36 Huron lam  62.31   12.66  0.04 831  1.93 29
L-8-37 Huron lam  63.29   7.91   0.02 935  1.50 27
L-8-38 Huron lam  64.33   10.75  0.06 489  2.34 27
L-8-39 Huron lam  65.21   7.64   0.07 266  1.54 26
L-8-40 Huron lam  65.96   10.75  0.08 353  2.04 27
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Table 5: Data for core L-3 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
L-3-1 Cleveland lam  21.40   15.92  0.21 195  2.02 38
L-3-2 Cleveland lam  22.40   10.75  0.11 252  2.95 36
L-3-3 Cleveland lam  23.30   20.21  0.14 378  1.93 34
L-3-4 Cleveland lam  24.70   12.74  0.10 329  2.83 35
L-3-5 Cleveland lam  25.70   12.09  0.08 406  2.16 36
L-3-6 Cleveland lam  26.55   12.26  0.10 303  2.25 34
L-3-7 Cleveland lam  27.75   9.58   0.07 345  2.86 34
L-3-8 Cleveland lam  30.65   11.37  0.06 525  2.29 35
L-3-9 Cleveland lam  31.70   11.47  0.03 847  4.25 35
L-3-10 Cleveland lam  33.10   10.49  0.04 614  2.56 33
L-3-11 Cleveland lam  34.00   9.28   0.05 508  2.24 32
L-3-12 Three Lick lam  35.30   12.19  0.06 497  2.29 33
L-3-13 Three Lick lam  36.50   9.87   0.05 545  2.37 32
L-3-14 Upper Huron lam  38.30   8.27   0.05 432  3.06 31
L-3-15 Upper Huron lam  40.20   8.76   0.05 471  4.78 33
L-3-16 Upper Huron lam  41.35   7.40   0.03 553  3.88 31
L-3-17 Upper Huron lam  42.90   8.00   0.04 525  5.05 31
L-3-18 Upper Huron lam  45.25   8.55   0.04 609  4.37 33
L-3-19 Upper Huron lam  46.13   8.11   0.04 592  5.74 32
L-3-20 Upper Huron lam  47.80   6.71   0.03 543  5.55 31
L-3-21 Upper Huron lam  49.70   8.86   0.04 518  6.61 32
L-3-22 Lower Huron lam  51.00   8.96   0.04 654  7.39 32
L-3-23 Lower Huron lam  52.80   10.06  0.07 394  7.33 32
L-3-24 Lower Huron lam  55.00   11.05  0.07 424  6.51 34
L-3-25 Lower Huron lam  56.00   9.96   0.06 456  6.03 33
L-3-26 Lower Huron lam  58.00   12.26  0.05 604  4.42 34
L-3-27 Lower Huron lam  58.70   10.97  0.06 499  5.69 34
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Table 6: Data for core T-12 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
T-12-1 Borden Fm lam  14.90   0.25   0.02 36  0.30 5
T-12-2 Borden Fm lam  17.80   0.25   0.01 48  0.13 4
T-12-3 Borden Fm lam  20.50   0.12   0.01 35  0.02 2
T-12-4 Borden Fm lam  25.00   0.29   0.01 101  0.40 6
T-12-5 Cleveland lam  27.00   5.43   0.08 173  2.80 30
T-12-6 Cleveland lam  28.50   14.10  0.08 448  2.72 34
T-12-7 Cleveland lam  30.33   9.93   0.09 292  2.47 32
T-12-8 Cleveland lam  31.33   11.77  0.13 227  2.97 34
T-12-9 Cleveland lam  32.58   19.45  0.15 342  1.68 31
T-12-10 Cleveland lam  33.59   10.89  0.09 314  3.39 32
T-12-11 Cleveland lam  34.50   9.07   0.08 301  2.47 34
T-12-12 Cleveland lam  35.33   12.38  0.06 512  1.85 33
T-12-13 Cleveland lam  37.08   8.77   0.07 316  3.19 33
T-12-14 Cleveland lam  39.08   12.60  0.05 642  2.18 33
T-12-15 Cleveland lam  41.08   7.76   0.04 498  4.15 33
T-12-16 Cleveland lam  43.08   5.70   0.03 581  2.06 30
T-12-17 Cleveland lam  44.42   6.60   0.02 696  3.77 30
T-12-18 Cleveland lam  45.17   10.37  0.04 696  2.19 33
T-12-19 Three Lick lam  47.08   8.83   0.05 492  2.21 30
T-12-20 Three Lick lam  48.67   7.67   0.05 398  2.49 30
T-12-21 Upper Huron lam  51.08   7.11   0.04 424  2.88 29
T-12-22 Upper Huron bio  52.92   0.71   0.01 200  0.26 27
T-12-23 Upper Huron lam  53.08   6.94   0.03 578  3.69 30
T-12-24 Upper Huron lam  55.08   6.69   0.03 520  4.05 31
T-12-25 Upper Huron lam  57.08   6.65   0.03 553  3.18 30
T-12-26 Upper Huron lam  59.08   6.93   0.03 602  5.03 30
T-12-27 Upper Huron lam  60.92   7.98   0.03 655  3.73 32
T-12-28 Upper Huron lam  63.00   6.93   0.03 585  4.75 31
T-12-29 Upper Huron lam  64.50   6.96   0.03 674  3.45 32
T-12-30 Upper Huron lam  65.40   9.38   0.04 668  3.79 33
T-12-31 Lower Huron lam  66.58   8.77   0.04 518  4.28 33
T-12-32 Lower Huron lam  69.08   8.14   0.03 763  6.62 33
T-12-33 Lower Huron lam  70.50   7.87   0.03 715  6.06 33
T-12-34 Lower Huron lam  71.25   8.27   0.03 698  5.75 32
T-12-35 Lower Huron lam  73.33   8.85   0.03 726  6.14 32
T-12-36 Lower Huron lam  74.42   9.98   0.04 678  6.69 31
T-12-37 Huron lam  76.58   7.27   0.05 361  4.86 31
T-12-38 Huron bio  77.10   0.16   0.02 17  1.17 2
T-12-39 Huron lam  78.33   11.43  0.05 608  3.46 33
T-12-40 Huron lam  79.10   13.51  0.04 840  6.07 32
T-12-41 Huron bio  80.25   0.39   0.03 38  1.15 5
T-12-42 Huron lam  80.83   7.60   0.04 458  3.41 32
T-12-43 Huron lam  83.58   10.88  0.08 361  4.36 36
T-12-44 Huron lam  84.25   11.01  0.16 179  2.17 28
T-12-45 Huron lam  85.83   12.67  0.10 316  2.66 28
T-12-46 Huron lam  87.17   14.62  0.09 400  2.37 30
T-12-47 Huron lam  88.67   18.39  0.12 405  3.04 26
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Table 6 (continued) 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
T-12-48 Huron lam  89.75   13.26  0.10 335  2.16 29
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Table 7: Data for core D-4 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
D-4-1 Borden lam  25.85   0.30   0.01 81  0.05  4
D-4-2 Borden lam  28.40   0.24   0.01 59  -    4
D-4-3 Borden lam  30.65   0.15   0.01 37  0.32  3
D-4-4 Borden lam  32.01   0.08   0.01 29  0.97  6
D-4-5 Borden lam  34.19   0.32   0.01 55  0.07  5
D-4-6 Borden lam  35.79   0.18   0.01 34  0.47  3
D-4-7 Sunbury lam  37.59   10.33  0.04 671  3.35  33
D-4-8 Sunbury lam  39.30   10.03  0.04 631  2.88  24
D-4-9 Sunbury lam  41.28   9.50   0.04 676  2.86  33
D-4-10 Sunbury lam  42.50   13.10  0.04 766  3.22  31
D-4-11 Sunbury lam  43.70   13.19  0.03 1083  2.45  36
D-4-12 Sunbury lam  45.30   17.39  0.05 918  2.75  38
D-4-13 Sunbury lam  45.94   12.93  0.07 506  2.80  37
D-4-14 Sunbury lam  47.38   14.41  0.08 450  2.98  35
D-4-15 Sunbury lam  48.75   12.19  0.22 143  2.10  32
D-4-16 Bedford bio  49.81   0.73   0.04 46  1.68  6
D-4-17 Bedford bio  50.46   0.81   0.05 46  3.29  12
D-4-18 Bedford bio  51.19   1.39   0.05 75  0.49  15
D-4-19 Bedford bio  51.64   1.28   0.04 82  1.23  15
D-4-20 Bedford bio  52.49   0.89   0.04 51  1.44  12
D-4-21 Bedford bio  53.19   0.76   0.08 25  1.91  11
D-4-22 Bedford bio  54.39   1.05   0.05 53  1.34  13
D-4-23 Bedford bio  55.15   0.76   0.04 46  2.47  11
D-4-24 Bedford bio  56.20   0.75   0.07 30  1.06  10
D-4-25 Bedford bio  58.06   0.35   0.29 3  3.19  6
D-4-26 Bedford bio  59.99   0.96   0.04 57  4.55  13
D-4-27 Bedford bio  61.72   6.68   0.06 309  0.62  25
D-4-28 Bedford bio  62.39   0.96   0.03 74  0.49  10
D-4-29 Cleveland lam  65.70   10.12  0.08 344  11.24 32
D-4-30 Cleveland lam  67.72   10.63  0.20 136  2.59  31
D-4-31 Cleveland lam  68.59   16.09  0.05 773  1.80  35
D-4-32 Cleveland lam  70.27   13.75  0.13 266  2.70  35
D-4-33 Cleveland lam  71.41   19.02  0.10 516  1.37  49
D-4-34 Cleveland lam  73.63   15.78  0.07 586  1.46  45
D-4-35 Cleveland lam  76.39   10.30  0.05 491  2.21  32
D-4-36 Cleveland lam  76.81   9.42   0.10 245  3.97  33
D-4-37 Cleveland lam  78.88   9.40   0.04 631  1.49  33
D-4-38 Cleveland lam  77.20   8.96   0.04 646  1.69  30
D-4-39 Cleveland lam  79.76   11.71  0.09 330  1.58  33
D-4-40 Cleveland lam  81.61   10.85  0.06 501  1.14  40
D-4-41 Cleveland lam  84.27   11.55  0.05 583  1.19  33
D-4-42 Cleveland lam  83.84   11.75  0.04 688  1.72  32
D-4-43 Cleveland lam  85.60   13.02  0.05 631  1.47  32
D-4-44 Cleveland lam  89.67   9.85   0.04 710  1.95  31
D-4-45 Cleveland lam  90.66   7.15   0.03 549  1.94  29
D-4-46 Cleveland lam  92.11   8.84   0.04 574  2.10  34
D-4-47 Cleveland lam  94.68   8.52   0.04 536  1.57  33
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Table 7 (continued) 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
D-4-48 Cleveland lam  95.15   5.26   0.03 536  2.11 27
D-4-49 Cleveland lam  96.56   2.72   0.02 349  2.45 18
D-4-50 Cleveland lam  98.02   7.65   0.03 766  1.64 29
D-4-51 Cleveland lam  99.42   10.23  0.04 695  1.50 30
D-4-52 Cleveland lam  101.65   3.38   0.02 454  3.28 22
D-4-53 Cleveland lam  101.86   10.02  0.03 834  1.73 30
D-4-54 Cleveland lam  102.52   8.80   0.03 867  1.67 30
D-4-55 Cleveland lam  103.64   8.89   0.04 565  1.63 29
D-4-56 Cleveland lam  106.57   3.33   0.02 378  2.22 22
D-4-57 Three Lick lam  107.14   7.01   0.04 460  1.37 28
D-4-58 Three Lick bio  107.70   0.28   0.02 33  2.04 4
D-4-59 Three Lick lam  108.67   3.83   0.02 444  2.04 23
D-4-60 Three Lick lam  109.59   5.98   0.04 426  2.30 26
D-4-61 Three Lick bio  110.49   0.69   0.01 292  0.13 23
D-4-62 Three Lick lam  110.82   8.24   0.04 547  1.45 28
D-4-63 Three Lick lam  111.53   8.01   0.04 584  1.60 27
D-4-64 Three Lick bio  111.88   0.31   0.02 42  0.97 4
D-4-65 Three Lick bio  112.43   0.32   0.02 38  2.12 4
D-4-66 Three Lick lam  112.76   5.49   0.02 624  1.96 23
D-4-67 Three Lick lam  113.72   4.58   0.02 483  1.78 24
D-4-68 Three Lick bio  114.57   0.29   0.02 34  1.39 4
D-4-69 Three Lick bio  115.39   0.33   0.03 32  2.00 4
D-4-70 Huron lam  115.80   6.66   0.04 447  1.81 25
D-4-71 Huron lam  116.71   7.25   0.04 516  1.69 26
D-4-72 Huron lam  117.55   3.45   0.02 399  2.19 21
D-4-73 Huron lam  118.53   5.15   0.03 483  2.38 25
D-4-74 Huron lam  120.47   7.27   0.03 671  2.65 21
D-4-75 Huron lam  122.39   7.40   0.03 754  2.57 24
D-4-76 Huron lam  123.52   5.85   0.03 501  1.82 25
D-4-77 Huron lam  124.27   3.86   0.02 414  2.10 28
D-4-78 Huron lam  126.25   2.83   0.03 270  2.83 24
D-4-79 Huron lam  128.28   5.23   0.03 507  2.35 25
D-4-80 Huron lam  128.90   3.45   0.02 378  2.80 21
D-4-81 Huron lam  129.99   5.22   0.03 489  2.98 26
D-4-82 Huron lam  131.56   4.23   0.03 431  3.20 24
D-4-83 Huron lam  133.60   3.75   0.03 346  2.25 22
D-4-84 Huron lam  134.82   5.26   0.03 438  2.40 23
D-4-85 Huron lam  135.68   3.81   0.02 417  2.87 22
D-4-86 Huron lam  136.78   4.28   0.03 389  2.21 24
D-4-87 Huron lam  138.67   5.84   0.03 539  2.82 27
D-4-88 Huron lam  140.42   3.66   0.02 386  3.05 22
D-4-89 Huron lam  142.46   6.73   0.03 584  3.31 28
D-4-90 Huron lam  144.05   6.11   0.03 501  3.11 28
D-4-91 Huron lam  145.88   3.59   0.02 441  2.86 24
D-4-92 Huron lam  147.78   6.37   0.02 698  1.92 28
D-4-93 Huron lam  148.85   6.76   0.03 689  2.26 30
D-4-94 Huron lam  149.82   7.06   0.03 632  2.09 32
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Table 7 (continued) 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
D-4-95 Huron lam  152.11  5.10  0.02 603  2.14 29
D-4-96 Huron lam  154.27  8.09  0.03 759  2.42 32
D-4-97 Huron lam  156.28  6.40  0.03 504  2.42 29
D-4-98 Huron lam  157.98  6.94  0.03 569  2.55 28
D-4-99 Huron lam  160.16  5.88  0.03 589  4.13 27
D-4-100 Huron lam  162.32  7.12  0.03 679  5.18 28
D-4-101 Huron lam  164.30  5.86  0.03 577  4.16 27
D-4-102 Huron lam  165.94  6.37  0.03 597  4.65 26
D-4-103 Huron lam  168.79  6.68  0.03 598  3.79 27
D-4-104 Huron lam  169.54  6.55  0.03 634  3.41 28
D-4-105 Huron lam  170.80  4.48  0.02 490  2.51 26
D-4-106 Huron lam  172.36  5.64  0.02 585  2.23 27
D-4-107 Huron lam  174.10  4.66  0.02 520  2.55 26
D-4-108 Huron lam  175.63  3.76  0.02 411  2.20 25
D-4-109 Huron lam  176.85  5.47  0.02 567  2.28 27
D-4-110 Huron lam  178.19  5.05  0.02 523  2.03 24
D-4-111 Huron lam  179.15  7.01  0.02 727  2.19 28
D-4-112 Huron lam  180.84  4.52  0.03 453  2.05 23
D-4-113 Huron lam  182.77  2.96  0.03 278  2.50 18
D-4-114 Huron lam  183.28  4.07  0.03 370  2.59 21
D-4-115 Huron lam  184.62  5.30  0.03 460  3.11 24
D-4-116 Huron bio  184.93  0.34  0.02 37  0.70 3
D-4-117 Huron lam  185.92  4.74  0.03 424  3.53 22
D-4-118 Huron bio  186.44  0.28  0.17 4  0.72 3
D-4-119 Huron bio  187.32  0.31  0.06 14  0.68 4
D-4-120 Huron lam  187.78  6.41  0.04 416  4.25 26
D-4-121 Huron lam  189.80  6.17  0.04 414  3.79 26
D-4-122 Huron lam  191.94  8.23  0.05 416  3.46 28
D-4-123 Huron lam  192.90  9.64  0.05 500  5.18 30
D-4-124 Huron lam  194.44  9.87  0.05 535  5.59 30
D-4-125 Huron lam  195.33  8.94  0.04 556  6.50 28
D-4-126 Huron lam  196.72  10.69  0.04 761  5.20 30
D-4-127 Huron lam  198.84  10.19  0.05 502  6.77 29
D-4-128 Huron lam  200.15  11.20  0.05 534  5.48 31
D-4-129 Huron lam  202.08  9.74  0.07 379  5.80 31
D-4-130 Huron bio  204.82  0.16  0.03 14  0.68 2
D-4-131 Huron bio  205.48  0.11  0.03 10  0.55 2
D-4-132 Huron lam  206.10  5.06  0.05 279  4.71 26
D-4-133 Huron bio  206.73  0.16  0.03 15  2.05 2
D-4-134 Huron bio  207.36  0.11  0.03 11  0.53 2
D-4-135 Huron lam  207.69  5.95  0.05 335  3.62 27
D-4-136 Huron bio  208.61  0.11  0.03 9  2.45 2
D-4-137 Huron bio  209.19  0.24  0.02 28  0.34 3
D-4-138 Huron bio  209.72  0.10  0.05 5  0.22 0
D-4-139 Huron bio  210.60  0.12  0.03 10  0.28 2
D-4-140 Huron bio  211.40  -   0.03 0  1.32 0
D-4-141 Huron lam  212.56  6.03  0.06 272  4.14 28
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Table 7 (continued) 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
D-4-142 Huron lam  212.86  8.73  0.05 445  5.20 29
D-4-143 Huron lam  214.36  11.10  0.05 602  3.45 29
D-4-144 Huron lam  215.80  3.36  0.05 191  1.52 27
D-4-145 Huron lam  216.40  -   0.93 0  6.62 0
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Table 8: Data for core KEP-6 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
KEP-6-1 Borden lam  24.13   0.12   0.02 13  0.16 2
KEP-6-2 Borden lam  25.88   0.22   0.04 15  0.23 2
KEP-6-3 Sunbury lam  27.45   7.26   0.02 780  3.10 22
KEP-6-4 Sunbury lam  28.55   9.33   0.03 823  3.53 24
KEP-6-5 Sunbury lam  29.45   8.96   0.03 854  3.57 24
KEP-6-6 Sunbury lam  30.88   8.95   0.03 678  4.02 24
KEP-6-7 Sunbury lam  31.88   8.97   0.03 757  3.05 23
KEP-6-8 Sunbury lam  32.88   9.42   0.03 743  2.98 24
KEP-6-9 Sunbury lam  33.96   8.94   0.03 704  3.87 23
KEP-6-10 Sunbury lam  34.80   8.69   0.03 790  2.97 25
KEP-6-11 Sunbury lam  35.55   8.85   0.03 747  2.74 25
KEP-6-12 Sunbury lam  36.38   7.72   0.03 661  3.46 25
KEP-6-13 Sunbury lam  37.46   12.32  0.04 846  2.50 26
KEP-6-14 Sunbury lam  38.71   9.56   0.03 856  2.74 26
KEP-6-15 Sunbury lam  39.63   13.22  0.05 646  2.94 28
KEP-6-16 Sunbury lam  40.80   12.60  0.04 827  2.60 28
KEP-6-17 Sunbury lam  41.55   11.95  0.05 642  2.16 24
KEP-6-18 Sunbury lam  42.55   9.53   0.05 462  2.10 24
KEP-6-19 Sunbury lam  43.71   12.76  0.07 468  1.92 25
KEP-6-20 Sunbury lam  44.71   12.22  0.03 938  1.64 25
KEP-6-21 Bedford bio  46.00   0.34   0.02 39  1.81 6
KEP-6-22 Bedford bio  46.71   0.20   0.03 15  2.11 3
KEP-6-23 Bedford bio  48.21   0.16   0.03 16  2.30 4
KEP-6-24 Bedford bio  50.05   0.22   0.02 23  1.13 4
KEP-6-25 Bedford bio  52.13   0.26   0.03 25  0.06 4
KEP-6-26 Bedford bio  54.13   0.26   0.03 20  0.40 4
KEP-6-27 Bedford bio  55.71   0.30   0.03 27  0.71 4
KEP-6-28 Bedford bio  56.50   0.38   0.55 2  2.15 9
KEP-6-29 Bedford bio  57.96   0.32   0.03 26  0.01 5
KEP-6-30 Bedford bio  59.96   0.32   0.03 24  0.04 5
KEP-6-31 Bedford bio  61.63   0.49   0.04 33  0.01 9
KEP-6-32 Bedford bio  63.92   0.47   0.03 39  0.09 8
KEP-6-33 Bedford bio  63.96   0.29   0.03 25  0.26 5
KEP-6-34 Bedford bio  64.88   0.29   0.04 18  0.15 5
KEP-6-35 Bedford bio  66.00   0.48   0.19 7  0.25 9
KEP-6-36 Bedford bio  66.63   0.35   0.02 36  0.03 5
KEP-6-37 Bedford bio  67.96   0.37   0.03 33  0.01 6
KEP-6-38 Bedford bio  70.05   0.47   0.04 29  0.08 6
KEP-6-39 Cleveland lam  70.71   12.04  0.07 439  1.66 26
KEP-6-40 Cleveland lam  71.88   12.64  0.08 415  2.21 25
KEP-6-41 Cleveland lam  73.54   11.94  0.08 371  1.67 26
KEP-6-42 Cleveland lam  74.84   9.35   0.07 345  1.99 26
KEP-6-43 Cleveland lam  75.71   9.74   0.10 250  2.39 27
KEP-6-44 Cleveland lam  76.71   5.96   0.08 198  5.76 25
KEP-6-45 Cleveland lam  77.55   12.14  0.09 340  1.86 26
KEP-6-46 Cleveland lam  78.46   12.05  0.06 523  3.40 26
KEP-6-47 Cleveland lam  79.88   12.85  0.09 376  1.92 27
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Table 8 (continued) 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
KEP-6-48 Cleveland lam  80.88   13.12  0.10 337  2.13 26
KEP-6-49 Cleveland lam  81.71   12.67  0.06 546  2.77 27
KEP-6-50 Cleveland lam  82.55   11.68  0.06 486  2.22 25
KEP-6-51 Cleveland lam  83.38   12.94  0.05 627  1.68 26
KEP-6-52 Cleveland lam  84.38   8.33   0.05 464  3.17 25
KEP-6-53 Cleveland lam  85.88   8.56   0.05 440  2.50 25
KEP-6-54 Cleveland lam  87.88   9.43   0.05 442  2.35 25
KEP-6-55 Cleveland lam  89.46   8.67   0.05 492  1.61 26
KEP-6-56 Cleveland lam  90.75   9.46   0.04 576  1.40 27
KEP-6-57 Cleveland lam  92.18   10.07  0.05 536  1.43 28
KEP-6-58 Cleveland lam  93.85   9.56   0.04 582  1.98 27
KEP-6-59 Cleveland lam  95.18   9.00   0.05 483  2.86 27
KEP-6-60 Cleveland lam  96.68   7.22   0.04 527  1.58 25
KEP-6-61 Cleveland lam  97.68   4.89   0.02 507  2.47 23
KEP-6-62 Cleveland lam  99.63   9.22   0.04 586  1.81 26
KEP-6-63 Cleveland lam  100.38   9.45   0.04 673  1.78 26
KEP-6-64 Cleveland lam  101.55   6.43   0.03 543  2.10 26
KEP-6-65 Cleveland lam  102.55   8.24   0.04 579  1.97 28
KEP-6-66 Cleveland lam  103.80   5.50   0.03 478  2.16 25
KEP-6-67 Cleveland lam  105.46   6.50   0.04 436  4.11 28
KEP-6-68 Cleveland lam  106.71   6.59   0.03 499  1.92 25
KEP-6-69 Cleveland lam  107.71   3.24   0.02 368  2.76 20
KEP-6-70 Cleveland lam  109.21   4.01   0.02 456  2.35 23
KEP-6-71 Cleveland lam  110.80   8.20   0.03 613  1.86 27
KEP-6-72 Cleveland lam  111.71   7.23   0.04 497  1.86 25
KEP-6-73 Cleveland lam  112.80   8.74   0.03 662  1.86 26
KEP-6-74 Cleveland lam  114.05   5.38   0.02 600  1.92 23
KEP-6-75 Cleveland lam  115.46   7.60   0.03 725  1.95 26
KEP-6-76 Cleveland lam  116.88   8.08   0.04 464  1.84 26
KEP-6-77 Cleveland lam  117.71   7.00   0.04 499  1.82 25
KEP-6-78 Cleveland lam  119.71   5.28   0.03 488  1.79 24
KEP-6-79 Cleveland lam  120.80   6.28   0.04 408  1.68 24
KEP-6-80 Three Lick bio  121.38   0.48   0.02 50  0.71 6
KEP-6-81 Three Lick lam  122.46   5.69   0.03 570  1.78 23
KEP-6-82 Three Lick lam  123.63   4.41   0.02 474  1.98 23
KEP-6-83 Three Lick lam  125.80   5.75   0.03 466  1.68 24
KEP-6-84 Three Lick lam  126.80   6.74   0.04 447  1.63 24
KEP-6-85 Three Lick bio  127.63   0.32   0.02 42  3.44 4
KEP-6-86 Three Lick lam  128.71   4.78   0.02 524  1.86 22
KEP-6-87 Three Lick lam  129.71   5.32   0.03 462  2.31 22
KEP-6-88 Three Lick bio  130.38   0.23   0.02 27  2.44 3
KEP-6-89 Three Lick bio  131.38   0.22   0.02 30  4.09 3
KEP-6-90 Huron lam  132.30   4.97   0.03 392  2.05 22
KEP-6-91 Huron bio  132.92   0.92   0.01 273  0.53 18
KEP-6-92 Huron lam  133.63   4.68   0.02 503  2.05 21
KEP-6-93 Huron lam  135.71   5.53   0.03 518  2.42 22
KEP-6-94 Huron lam  136.33   1.17   0.01 346  0.93 19
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Table 8 (continued) 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
KEP-6-95 Huron lam  137.96   4.18   0.03 418  2.58 20
KEP-6-96 Huron lam  139.38   5.51   0.03 552  2.98 22
KEP-6-97 Huron lam  140.80   4.71   0.02 497  2.80 21
KEP-6-98 Huron lam  141.80   5.82   0.03 537  2.22 24
KEP-6-99 Huron lam  143.13   2.57   0.02 298  3.08 17
KEP-6-100 Huron lam  144.63   4.44   0.02 504  2.60 21
KEP-6-101 Huron lam  146.30   5.07   0.03 461  3.17 23
KEP-6-102 Huron lam  148.21   3.93   0.02 430  2.84 22
KEP-6-103 Huron lam  150.13   4.01   0.02 431  3.20 21
KEP-6-104 Huron lam  151.63   5.21   0.03 489  3.00 24
KEP-6-105 Huron lam  152.71   5.83   0.03 538  2.69 26
KEP-6-106 Huron lam  153.63   3.79   0.02 400  2.96 21
KEP-6-107 Huron lam  154.80   2.87   0.02 326  3.34 18
KEP-6-108 Huron lam  156.05   4.28   0.03 436  2.50 22
KEP-6-109 Huron lam  157.38   2.89   0.02 311  2.51 19
KEP-6-110 Huron lam  158.80   3.41   0.03 347  2.67 21
KEP-6-111 Huron lam  159.63   5.21   0.03 488  2.79 25
KEP-6-112 Huron lam  161.38   3.37   0.02 414  2.74 21
KEP-6-113 Huron lam  162.55   5.40   0.03 507  2.60 25
KEP-6-114 Huron lam  163.63   5.18   0.03 493  2.97 24
KEP-6-115 Huron lam  164.71   5.61   0.03 510  3.14 26
KEP-6-116 Huron lam  166.13   3.63   0.02 383  3.19 22
KEP-6-117 Huron lam  167.30   5.98   0.03 520  2.85 27
KEP-6-118 Huron lam  168.63   4.77   0.02 600  3.12 25
KEP-6-119 Huron lam  169.96   6.97   0.03 634  2.53 28
KEP-6-120 Huron lam  171.25   6.28   0.03 629  2.54 27
KEP-6-121 Huron lam  172.63   3.78   0.02 447  5.00 23
KEP-6-122 Huron lam  173.80   6.84   0.03 631  2.59 29
KEP-6-123 Huron lam  175.30   7.65   0.03 685  2.40 28
KEP-6-124 Huron lam  176.71   7.41   0.03 663  2.50 29
KEP-6-125 Huron lam  177.63   7.41   0.03 664  2.35 28
KEP-6-126 Huron lam  178.84   5.71   0.03 528  2.46 26
KEP-6-127 Huron lam  179.88   6.62   0.02 738  2.41 26
KEP-6-128 Huron lam  181.30   5.71   0.03 519  2.16 25
KEP-6-129 Huron lam  182.80   5.94   0.02 663  2.49 24
KEP-6-130 Huron lam  184.13   4.26   0.02 475  3.36 22
KEP-6-131 Huron lam  185.46   5.17   0.02 610  2.98 23
KEP-6-132 Huron lam  186.88   6.06   0.02 663  3.44 25
KEP-6-133 Huron lam  187.88   5.44   0.02 618  3.33 23
KEP-6-134 Huron lam  189.46   5.42   0.02 593  3.39 23
KEP-6-135 Huron lam  190.88   5.51   0.02 678  3.20 24
KEP-6-136 Huron lam  191.80   4.95   0.02 610  3.32 23
KEP-6-137 Huron lam  193.21   4.41   0.02 566  2.93 22
KEP-6-138 Huron lam  194.88   4.34   0.02 534  3.55 22
KEP-6-139 Huron lam  196.05   3.14   0.02 357  3.14 19
KEP-6-140 Huron lam  197.21   3.71   0.02 438  2.97 20
KEP-6-141 Huron lam  198.80   4.10   0.02 457  3.34 21
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Table 8 (continued) 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
KEP-6-142 Huron lam  199.80   5.33   0.02 606  3.18 23
KEP-6-143 Huron lam  201.38   4.93   0.02 539  2.88 23
KEP-6-144 Huron lam  202.71   4.66   0.02 540  2.74 22
KEP-6-145 Huron lam  203.96   6.43   0.03 644  2.82 24
KEP-6-146 Huron lam  205.21   5.61   0.02 637  2.69 24
KEP-6-147 Huron lam  206.71   6.11   0.02 657  2.80 24
KEP-6-148 Huron lam  208.21   4.11   0.02 552  2.29 22
KEP-6-149 Huron lam  209.38   3.57   0.02 458  2.40 21
KEP-6-150 Huron lam  210.63   3.05   0.02 383  2.81 20
KEP-6-151 Huron lam  211.71   4.66   0.02 562  2.48 23
KEP-6-152 Huron lam  213.46   5.87   0.03 598  2.86 24
KEP-6-153 Huron lam  214.80   5.57   0.03 567  2.97 24
KEP-6-154 Huron lam  215.88   3.98   0.03 362  3.06 22
KEP-6-155 Huron lam  217.13   5.70   0.05 285  4.33 24
KEP-6-156 Huron lam  218.71   7.59   0.04 462  4.82 25
KEP-6-157 Huron lam  219.88   6.51   0.04 432  4.75 24
KEP-6-158 Huron lam  221.21   6.64   0.04 441  4.75 24
KEP-6-159 Huron lam  222.46   7.53   0.04 484  4.80 26
KEP-6-160 Huron lam  223.71   6.04   0.04 425  4.40 23
KEP-6-161 Huron lam  225.34   6.25   0.04 381  4.39 24
KEP-6-162 Huron lam  226.80   7.08   0.04 427  4.85 25
KEP-6-163 Huron lam  227.88   6.81   0.04 452  5.12 24
KEP-6-164 Huron lam  229.46   6.43   0.04 458  4.32 23
KEP-6-165 Huron lam  230.80   7.04   0.04 468  6.23 24
KEP-6-166 Huron lam  231.75   7.73   0.04 531  5.48 25
KEP-6-167 Huron lam  233.13   8.74   0.03 671  6.41 26
KEP-6-168 Huron lam  234.46   10.37  0.04 704  5.54 25
KEP-6-169 Huron lam  235.71   8.66   0.04 538  5.95 26
KEP-6-170 Huron lam  237.38   8.08   0.04 519  6.08 26
KEP-6-171 Huron lam  238.80   6.16   0.05 298  4.73 25
KEP-6-172 Huron lam  239.71   7.32   0.06 323  6.97 27
KEP-6-173 Huron bio  240.42   0.18   0.03 13  1.08 3
KEP-6-174 Huron bio  240.80   0.32   0.03 25  1.41 5
KEP-6-175 Huron lam  241.96   7.62   0.04 446  4.37 28
KEP-6-176 Huron bio  243.17   0.13   0.03 12  0.73 2
KEP-6-177 Huron lam  243.46   5.63   0.03 426  4.15 26
KEP-6-178 Huron lam  244.55   5.11   0.04 339  3.70 25
KEP-6-179 Huron lam  245.50   6.35   0.05 344  4.11 26
KEP-6-180 Huron bio  247.13   0.31   0.03 30  0.92 5
KEP-6-181 Huron lam  248.46   5.65   0.03 428  7.11 24
KEP-6-182 Huron bio  249.42   0.18   0.04 11  1.45 3
KEP-6-183 Huron bio  250.80   0.26   0.04 17  0.98 4
KEP-6-184 Huron bio  251.55   0.34   0.03 33  1.36 5
KEP-6-185 Huron lam  252.55   6.35   0.03 487  4.77 24
KEP-6-186 Huron lam  253.38   10.97  0.05 579  5.46 26
KEP-6-187 Huron bio  254.29   0.36   0.03 32  0.79 5
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Table 8 (continued) 
Sample Unit Facies Depth (ft) % Corg % P C/P %S C/N 
KEP-6-188 Huron lam  254.71   8.45   0.05 454  3.28 25
KEP-6-189 Huron lam  255.96   7.66   0.05 427  3.90 25
KEP-6-190 Huron bio  257.71   0.36   0.02 41  0.96 5
KEP-6-191 Huron bio  258.71   0.24   0.03 22  1.70 3
KEP-6-192 Huron bio  259.38   0.22   0.03 21  0.66 3
KEP-6-193 Huron bio  259.80   0.21   0.04 15  0.73 3
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Appendix 2 
Table 1: Detailed location information for the studied cores 
Core Quadrangle Elevation Location County 
IRQ Louisville West  600' 695' FSL x 632' FEL  Sec. 23-U-45 Jefferson 
T-8 Raywick 630' 875' FSL x 1775' FEL  Sec. 16-M-50 Marion 
L-7 Knifley 720' 25' FSL x 25' FEL  Sec. 2-I-52 Adair 
L-8 Dunnville 779' 2025' FSL x 2950 FEL Sec. 20-I-53 Adair 
L-3 Science Hill 828' 3300' FSL x 2675' FEL Sec. 25-I-58 Pulaski 
T-12 Crab Orchard 1020' 5200' FSL x 850' FEL  Sec. 21-L-60 Lincoln 
D-4 Olympia 867' 3775' FSL x 3300' FEL Sec. 17-S-70 Bath 
KEP-6 Plummers Landing 1100' 
5400' FSL x 225' FEL  
Sec. 21-W-71 Fleming 
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